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Sculpting or remodeling of the nervous system is vital for formation and maintenance of 
a functional neuronal circuitry. While emerging studies had been undertaken to 
elucidate the mechanism governing the remodeling of the nervous system, our 
knowledge of it is far from complete. Drosophila melanogaster, the fruit fly, provides us 
with an exceptionally easy and highly manipulative platform to gain in-depth 
understanding of the remodeling of the nervous system. During metamorphosis, a 
subset of the neurons in the PNS undergoes remodeling. In particular, Class IV ddaC 
neurons undergo a process known as dendrite pruning, which refers to the selective 
removal of exuberant dendrites without causing cell death. To gain insight into the 
mechanism governing ddaC dendrite pruning, an RNAi screen was carried out and a 
Cullin-1 based SCF E3 ligase complex was identified to be essential for ddaC dendrite 
pruning. The Cullin-1 based SCF E3 ligase is composed of four core components—Cullin1, 
Roc1a, SkpA, and Slimb. Further investigation also demonstrated that the Cullin-1 based 
SCF E3 ligase is required for pruning of MB ϒ neurons in the CNS. This study also revealed 
that while EcR-B1 and Sox14 act upstream of Cullin-1 based SCF E3 ligase complex to 
regulate its abundance during ddaC dendrite pruning, Mical acts in parallel to the E3 
ligase complex to mediate ddaC dendrite pruning. Furthermore, we demonstrated that 
InR/PI3K/TOR pathway is attenuated by Cullin-1 based SCF E3 ligase complex during 
dendrite pruning, likely through ubiquitination and degradation of key positive regulator, 
Akt. Consistently, hyperactivation of the InR/PI3K/TOR pathway is sufficient to hamper 
ddaC dendrite pruning. Therefore, this study identified a novel link between Cullin-1 
based SCF E3 ligase complex and InR/PI3K/TOR pathway in regulation of ddaC dendrite 
pruning. It is also the first time that the insulin signaling is implicated in neuronal pruning 
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process, hence raising intriguing questions about how metabolic states may interplay 
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Chapter 1 Introduction 
1.1 Drosophila melanogaster as a model organism  
 
Since Thomas Hunt Morgan selected Drosophila melanogaster, otherwise known as the 
fruit fly in his study of genetic heredity in 1910, this model organism has been 
extensively studied in the past century. The short generation time of only 10 days for an 
adult to form from a fertilized embryo (Figure 1), ease of maintenance, cost efficiency 
and most importantly its genetic amenability have made it a popular eukaryotic 
organism in genetics and developmental research. Over the last century, a collection of 
molecular and genetic tools has been established by the fly community to facilitate 
systematic genetic studies in Drosophila. Importantly, the GAL4-UAS binary system 
developed by Andrea Brand and Norbert Perrimon has allowed tissue specific expression 
of gene transcription in Drosophila (Brand and Perrimon, 1993).  Based on the Gal4-UAS 
system, many tools such as the mosaic analysis of repressible cell Marker (MARCM) (Lee 
and Luo, 2001, Lee and Luo, 1999) or split-Gal4 (Luan et al., 2006) had been established 
to facilitate in-depth in vivo genetic analysis. With about 15,000 genes, minimal gene 
redundancy and the full complement of its genome being sequenced and made publicly 
available, large-scale forward or reverse genetic screens can be carried out in Drosophila 
to identify genes involved in many biological processes of interest. More importantly, 
being a multicellular eukaryotic organism, many aspects of the Drosophila’s biological, 
developmental, behavioural processes are conserved in mammals, thus making the 
Drosophila an ideal organism to elucidate biological mechanism or pathways in various 





Figure 1: The life cycle of Drosophila melanogaster at 25°C. The 1st instar larva hatches 
from the fertilized egg one day after egg laying. Subsequently, the larva molts twice into 
2nd instar (1 day) and 3rd instar (2-3 days) larva, with each molt resulting in an increase in 
larva size. During pupariation or metamorphosis (5 days), most of the larval tissues are 
destroyed and replaced by adult specific tissues derived from the imaginal disc. When 
metamorphosis completes, the adult fly emerges from the pupa case (Adapted from 
http://flymove.uni-muenster.de/) 
1.2 Development of the nervous system 
 
The nervous system of an organism coordinates voluntary and involuntary actions 
through transmission of signal between various parts of the body. In most cases, the 
nervous system comprises of two main parts, the central nervous system (CNS) and the 
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peripheral nervous system (PNS). Development and differentiation of the nervous 
system is one of the earliest to begin and the last to be completed after birth. The basic 
parts of the nervous system that appears early in development is common to all 
vertebrates. During neurulation, cells from the ectoderm derived neural plate invaginate 
to form the neural tube. Regionalisation and differentiation of the rostral end of the 
tube forms a series of swells which eventually constitute the major regions of the brain 
while the caudal part of the tube forms the spinal cord. The majority of the PNS neurons 
are derived from the neural crest cells which pinch off the ectoderm during invagination 
of the neural tube (Halme et al., 2010). 
The nervous system is essentially made up of two classes of cells namely the glial cells 
which serve as support cells, and the neurons which are the main signalling unit of the 
nervous system. Each of the behavioural tasks performed by a mature nervous system, 
ranging from perception of sensory input and control of motor output to cognitive 
function such as learning and memory requires the precise interconnection between 
millions of neurons and their targets. Such specific connections are established during 
embryonic and postnatal development. Proper synapse formation during childhood 
provides the basis for cognition, on the other hand, inappropriate synapses may lead to 
neurodevelopmental disorders such as autism and mental retardation (McAllister, 2007, 
Sudhof, 2008) and had also been suggested to participate in Alzheimer’s disease (Haass 
and Selkoe, 2007).  
The neuronal connection pattern is reproducible from animal to animal and is 
established during neural development through five different types of progressive and 
regressive events. The first progressive event, known as growth cone guidance involves 
neuron sending out an axon or growth cone to an initial target such as the muscle fiber. 
Secondly, to innervate multiple targets, interstitial axon branches out from the initial 
axon shaft. Both progressive events are guided by positive and negative cues, which 
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includes molecules of the netrin, semaphorin, slit and ephrin families (Tessier-Lavigne 
and Goodman, 1996). The third event involves the pruning of the transient elaborate 
projections, otherwise known as small-scale axon terminal arbor pruning, leaving each 
neuron with only connection to a subset of the target region which was initially 
projected to. Within each region, terminal arborization and retraction further shape the 
pattern of synapse. Furthermore, apoptosis the fourth event frequently occurs to cull 
many of the neurons, establishing the final number of the neuronal population. Both 
terminal arborization and apoptosis are controlled by specific regulators, such as 
members of the neurotrophin family , as well as through competitive electrical activity 
between axons (Herrmann and Shatz, 1995). On top of the four events mentioned 
previously, neuronal axons and dendrites also undergo large scale neuronal pruning 
otherwise known as stereotyped neuronal pruning. Unlike the first four events, fewer 
studies has been made on the mechanism of stereotyped neuronal pruning, hence it is 
of great interest to elucidate the mechanism of neuronal pruning. 
1.3 Stereotyped neuronal pruning  
Stereotyped neuronal pruning is a regressive developmental process which refers to the 
removal of unnecessary or exuberant connection without causing cell death; this 
facilitates a change in neural structure, leaving a more efficient synaptic configuration 
while reducing the requirement to generate a new neuron. During development, after 
an initial phase of explosive proliferation, pruning reduces the number of synapses in the 
brain and this decrease is more evident around puberty (Bourgeois and Rakic, 1993). 
Neurons frequently extend their axons to redundant targets which are not required for 
normal function during adolescence. Axons also project long collaterals branches to seek 
distal target areas which contain distinct cell population (Luo and O'Leary, 2005) and at 
the same time, many small and shorter arbors might also interact with multiple cells 
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with the same target area (Sanes and Lichtman, 1999). Following projections, neuronal 
pruning occurs to remove unnecessary long axon branches as well as short axonal 
arbors. Studies have revealed that neuronal pruning is highly predictable, and is tightly 
regulated by temporal and spatial cues during neuronal development. Recent studies 
have also suggested that there are many similarities between the mechanisms mediating 
developmental pruning and axon degeneration in diseases, thus studies on neuronal 
pruning may provide us with unique perspectives and directions in treatment of complex 
neurological diseases.  
1.3.1 Vertebrate neuronal pruning  
 
Stereotypic removal of long axon collaterals can be observed during the development of 
the CNS. The first evidence of stereotyped pruning was first reported by Innocenti in 
1984 (Innocenti and Clarke, 1984) for his observation of axon that projects callosally to 
the contralateral side of cat's brain.  In the immature cat brain, layer III, IV and VI visual 
collosal axons cover an extensive region in the visual cortex of the opposite hemisphere. 
While some of these connections are lost through apoptosis, the remaining projections 
extend and arborise into the grey matter during the second and third postnatal week of 
development (Aggoun-Zouaoui and Innocenti, 1994). Concurrently, stereotyped pruning 
remodels callosal axons which extend beyond the proper termination zone. Studies had 
also suggested that the removal of excessive projections rely on normal visual input to 
the appropriate neurons (Zufferey et al., 1999, Koralek and Killackey, 1990, Frost et al., 
1990). The discovery of stereotyped pruning led to investigation and identification of 
several other different models and mechanisms of neuronal pruning, which will be 




1.3.1.1 Insights into vertebrate axon pruning 
 
A well-established model of vertebrate neuronal pruning is the refinement of layer V 
subcortical processes, whereby pruning of the long axon collaterals takes place 
(Stanfield and O'Leary, 1985b, Stanfield and O'Leary, 1985a, Stanfield et al., 1982). Layer 
V axons of the motor cortex and visual cortex are initially guided to subcortical targets 
overlapping in the brainstem and spinal cord. During development, functionally 
appropriate collateral branches are retained. For example, layer V visual cortex neurons 
remove their branches from targets that are specified for motor function. On the other 
hand, layer V neurons of the motor cortex prune away branches that are required for 
visual function. Within layer V, the homeodomain transcription factor Otx1 is highly 
expressed in axons which undergo axonal refinement, and interestingly temporal 
translocation of Otx1 from the cytoplasm to the nucleus coincided with the time window 
when visual cortex corticospinal tract axon starts to prune, leading to the speculation 
that it might be involved in axonal pruning.  Analysis of Otx1 mutant mice revealed an 
axonal pruning defect of the layer V exuberant projection, suggesting a requirement for 
Otx1 during axonal refinement (Weimann et al., 1999). 
Rat sympathetic eye projection neurons initially extend axon projections to two eye 
compartments, but ultimately each neuron only projects to one compartment due to 
axon elimination.  Circuit activity and target-derived neurotrophic growth factor had 
been shown to be required during axon elimination (Vidovic et al., 1987, Vidovic and Hill, 
1988, Hill and Vidovic, 1989). Interestingly, p75 neurotrophin receptor (p75NTR) and 
brain derived neurotrophic factor (BDNF) mutant mice had been demonstrated to be 
defective in proper sympathetic neuron innervations (Lee et al., 1994, Dhanoa et al., 
2006, Causing et al., 1997) suggesting that BDNF might regulate axonal pruning by 
binding to p75NTR. Singh et al tested this hypothesis and found that during 
7 
 
developmental sympathetic axon competition, BDNF secreted from winning axon binds 
to p75NTR on the losing axon, resulting in axon pruning of the latter. Mechanistically, 
binding of BDNF to p75NTR results in suppression of TrkA-mediated signaling which is 
required for axonal maintenance. Furthermore, the group further demonstrated that 
p75NTR and BDNF are essential for directly causing axon degeneration in neuron culture 
(Singh et al., 2008). Death receptor 6 (DR6) a member of the tumour necrosis factor 
(TNF) receptor superfamily also regulates axon pruning in both retino-collicular 
projection axon as well as in vivo cultured sensory neurons. Interestingly, although DR6 
is required for both neuron cell death and axon pruning, caspase 3 is required for the 
former while caspase 6 is activated in the latter. Similar to p75NTR, DR6 requires 
activation to trigger pruning; tropic factor deprivation leads to shedding of surface APP 
in a β-secretase dependent manner, which in turn activates DR6 to mediate pruning 
(Nikolaev et al., 2009).  
Significant amount of cellular debris will be generated during synapse or axonal pruning.  
In neuromuscular junction synapse elimination, it was shown that retreating motor axon 
are pruned through a shedding process, leaving traces of axosomes behind (Bishop et al., 
2004). Using a combination of lysosome staining (Lysotracker) as well as autophagy 
reporter (GFP-LC3), it was demonstrated that heterophagic as well as autophagic 
processes occur during synapse elimination at the neuromuscular junction. Furthermore, 
transient delay in axon branch removal was also observed in autophagy defective mouse 
model (Cao et al., 2006, Song et al., 2008). 
1.3.1.2 Axon guidance molecules in vertebrate axon pruning 
 
The semaphorin family of protein as well as their neuropilin and plexin receptors have 
been well studied to be involved in axon guidance through repulsion that occurs upon 
the binding of secreted semaphorin 3A to its receptor complex consisting of neuropilin 
8 
 
and plexin (Cheng et al., 2001). Interestingly, recent studies described below have also 
implicated them in axonal pruning.   
The hippocampus mossy fiber pathway originating from the granule cells in the dentate 
gyrus innervates the hippocampal CA3 pyramidal cells, forming two distinct bundles, the 
supra- and the infra-pyramidal bundle (SPB and IPB, respectively). While in the wild type 
adult, the IPB is pruned and shortened, neuropilin-2 and plex-A3 mutant mice, fail to 
prune the IPB resulting in abnormally long bundle which extends to the tip of CA3 
curvature (Cheng et al., 2001, Bagri et al., 2003). The strong expression of the ligand, 
Sema3F in isolated large cells within the IPB and its receptor, Plexin-3A  in the dentate 
granule cell layer, is suggestive of their role in initiating  axon pruning at a certain 
developmental time point (Bagri et al., 2003). Mechanistically, upon ligand stimulation, 
selective binding of Sema3F receptor, to the Rac GTPase-activating protein (GAP) β2-
Chimaerin (β2-Chn), activates the GAP to inhibit Rac1-dependent effect on cytoskeletal 
reorganisation, thus promoting axon pruning (Riccomagno et al., 2012). 
Reverse signalling mediated by ephrin had been documented to be involved in both 
axon guidance as well as cell migration (Cowan and Henkemeyer, 2002, Flanagan and 
Vanderhaeghen, 1998, Kullander and Klein, 2002). In vivo gene-targeting and in vitro live 
cell assay of stereotyped pruning of infra-pyramidal bundle has also implicated Ephrin-
B3 mediated (EB3) reverse signaling in pruning. Tyrosine phosphorylation of Ephrin-B3 
results in postnatal shortening of IPB axons, with EphB molecules acting as ligand to 
stimulate EB3 reverse signaling (Xu and Henkemeyer, 2009). Furthermore, adaptor 
protein Grb4 acts as a molecular linker bridging activated EB3 cytoplasmic tail with 
Dock180  and PAK to activate guanine nucleotide exchange and hence Rac activation to 
mediate axon retraction and pruning (Xu and Henkemeyer, 2009).  
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1.3.2 Neuronal pruning in Drosophila melanogaster 
 
Development of Drosophila takes it through a dramatic stage termed metamorphosis 
(Figure 1). During metamorphosis, the entire body plan of the organism undergoes a 
drastic change, whereby most larval tissues degenerate and adult specific tissues or 
structures are generated from progenitor cells and the imaginal disc (Bodenstein, 1965) . 
Programmed cell death, autophagy and histolysis are major hallmarks of metamorphosis 
(Weeks and Levine, 1990, Jiang et al., 1997, Baehrecke, 2003). In the nervous system, on 
top of cell death, extensive remodelling of the neuronal network also takes place 
(Truman, 1990). This remodelling involves apoptosis of certain groups of neurons and 
the reframing of the neuronal network through pruning of connections or re-routing of 
axons or dendrites to re-establish functional adult network.   
There are two well established systems to study neuronal pruning in Drosophila. The 
first being the axonal pruning process of mushroom body (MB) ϒ neurons in the central 
nervous system (Lee et al., 2000) (Figure 2A)  and the other being the dendritic pruning 
of dendritic arborization (da) neurons in the peripheral nervous system (Kuo et al., 2005, 
Williams and Truman, 2005a) (Figure 2B). The MBs are well-known neuropils of the 
central brain that are required for learning and memory. In the larval brain, MB neuron 
extends a single projection from which dendrites branch out into the calyx. The axon will 
then bifurcate into two major processes, namely the dorsal and medial branch, termed 
after the direction they project into (Lee et al., 1999). Interestingly, MB ϒ neurons which 
are born before the mid third instar larvae stage prune the medial and dorsal branches 
during early metamorphosis. The neuron eventually only project into the medial ϒ lobe 
of the adult MB (Lee et al., 2000). MB ϒ neuron axon pruning occurs in a series of 
concerted step, which requires cell autonomous regulation from the insect molting 
hormone, 20-hydroxyecdysone (Lee et al., 2000). Axon elimination starts with 
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neurofilament and microtubule degradation followed by breaking down of axonal 
membrane into fragments (Watts et al., 2003) which involves the ubiquitin proteasome 
system (UPS). The removal of debris during pruning appears to involve glial cell 
mediated phagocytosis (Watts et al., 2004). 
Dendritic arborization neuron dendrite pruning in the PNS is another similar event to MB 
ϒ neuron pruning.  Dendritic arborization neurons are located between the epidermal 
layer and muscle tissue layer. While their dendrites spread two dimensionally under the 
epidermis, the axons project ventrally to the ventral nerve cord. Dendritic arborization 
neurons can be categorised into 4 classes based on the dendrite arbor complexity, 
namely the class I, II, III and IV, with class I neurons bearing the simplest morphology and 
class IV being the most complex (Grueber et al., 2002)(Figure 2C-2G). Other than the 
differences in arbor morphology, various classes of da neurons also acquire different cell 
fates. ddaA, ddaF (Class III) neurons and ddaB (Class II) neurons undergo apoptosis 
during metamorphosis. On the other hand, ddaC (Class IV), ddaD and ddaE (Class I) 
neurons undergo remodelling whereby the dendrites are pruned and re-grown into 




Figure 2: Two modes of neuronal pruning in Drosophila melanogaster and the different 
classes of da neurons. (A) Axon pruning of mushroom body ϒ neurons in the CNS. At 
white prepupae stage, mushroom body ϒ neuron sends out a single projection from 
which dendrites branch out into the calyx. The axon will then bifurcate into two major 
processes, namely the dorsal and medial branch. By 24 h APF, the ϒ neurons prune the 
medial and dorsal branches, and regrowth of the medial branches occur in the adult 
stage. (B) Dendrite pruning of ddaC neurons in PNS. At white prepupae stage, ddaC 
neurons projects elaborate dendrites into the abdominal segments. By 6 h APF, proximal 
severing of the dendrites occurs. By 12 h APF extensive fragmentation of the dendrites 
occurs. The dendritic debris is eventually cleared off by 16 h APF. Red arrowhead points 
to the ddaC soma and empty arrowhead points to the severed dendrites. (C-D) Live 
confocal images of da neurons at white prepupae stage. Different classes of da neuron 
exhibits different morphology. (C) Class I ddaD/ddaE neurons. (D) Class II ddaB neuron. 





1.3.2.1 Transcriptional regulation of pruning in Drosophila melanogaster 
 
Axon and dendrite pruning occur during metamorphosis, whose onset is initiated by a 
pulse of ecdysone steroid hormone, hence it is conceivable that pruning might be also 
be regulated by ecdysone signalling. As a nuclear receptor ligand, ecdysone binds to a 
heterodimer complex of ecdysone receptor (EcR) and its co receptor, ultraspiracle (USP), 
the insect ortholog of mammalian retinoid receptor (RXR). Ecdysone titer cycles 
throughout the development of Drosophila, peaking once at the onset of pupariation 
which also corresponds to the onset of pruning for ddaE neurons (Williams and Truman, 
2005b). Two individual studies had identified EcR-B1 (Ecdysone receptor isoform 
B1)/USP complex as the key transcriptional regulator of either  axonal pruning(Lee et al., 
2000) or dendrite pruning(Kuo et al., 2005). Over-expression of the dominant negative 
form of EcR (EcRDN) in ddaC neurons prevented the initiation of dendrite pruning. 
Likewise loss of usp function also leads to similar dendrite pruning defects in ddaC 
neurons (Kuo et al., 2005). Interestingly, most identified primary EcR/USP targets such as 
Broad-complex (BR-C), E74 and E75 (Burtis et al., 1990, DiBello et al., 1991, Segraves and 
Hogness, 1990) are dispensable for axon pruning, suggesting the presence of yet 
unidentified targets which are essential for pruning (Lee et al., 2000).  
A genetic mosaic screen in MB ϒ neuron axon pruning, recovered two independent 
mutations which attenuate axon pruning. Recombination and complementation 
mapping of the two mutants led to the identification of babo and dSmad2. babo encodes 
the Drosophila TGF-β/ Activin type 1 receptor while dSmad2 encodes a well known 
downstream substrate of babo. TGF-β signalling regulates expression of gene through 
Smad protein(Derynck et al., 1998), immunostaining for EcR-B1 in both babo and 
dSmad2 mutant MB ϒ neurons revealed that EcR-B1 expression was absent in either 
babo or dSmad2 mutant clone. Importantly, restoration of EcR-B1 expression to babo 
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mutant clones using Gal4-201Y which specifically labels all ϒ and a small subset of α/β 
neurons in the MB significantly rescued the axon pruning defect (Zheng et al., 2003). In 
the same study, dActivin was proposed to be the non-autocrine ligand for activation of 
babo mediated signalling to regulate EcR-B1 expression and hence axon pruning. But this 
was overturned in a subsequent study by the same group, when Activin null mutant, 
Actβed80 (Zhu et al., 2008) did no exhibit any axonal pruning in MB ϒ neuron (Awasaki et 
al., 2011).  In the later study, they identified myoglianin as the glial derived ligand which 
triggers TGF-β signalling to control the MB ϒ neuron expression of EcR-B1 and hence 
axonal pruning (Awasaki et al., 2011). 
EcR-B1 expression and hence MB ϒ neuron axonal pruning are regulated by two other 
pathways. In 2008, a piggyBac- based mosaic screen identified a peculiar postmitotic role 
for two cohesin subunits in axon pruning, structural maintenance of chromosome (SMC) 
and stromalin (SA) (Schuldiner et al., 2008), which was previously demonstrated to 
regulate and main sister chromatin cohesion during cell division (Losada and Hirano, 
2005, Hirano, 2006). Additionally, two other nuclear receptors, FTZ-F1 and Hr39 had 
been demonstrated to play opposing role in the expression of EcR-B1.  ftz-F1ex null 
mutant MARCM neuroblast clones retained the dorsal ϒ neuron branch into the adult 
stage, on the other hand gain of function mutation of Hr39 blocked MB ϒ neuron axonal 
pruning. As transcription factors, FTZ-F1 and HR39 have opposite in vitro transcriptional 
activity but bind identical DNA sequences, hence it is conceivable that they might target 
EcR-B1 expression differentially. Indeed both ftz-f1 loss of function and Hr39 gain of 
function MB ϒ neurons have reduced EcR-B1 expression. Furthermore, genetic analysis 
between ftz-f1/Hr39 and TGF-β pathway suggested that these two pathways works in 
parallel to regulate EcR-B1 expression (Boulanger et al., 2011).  
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In a bid to understand the downstream events of EcR-B1 during dendritic pruning, Kirilly 
et al, conducted a RNAi screen of genes which had been previously identified to be 
responsive to ecdysone signalling (Lee et al., 2003, Beckstead et al., 2005, Li and White, 
2003). From the screen, sox14 a transcription factor was isolated. While wild-type ddaC 
neurons would have pruned all its dendrite by 18 h APF, attenuation of sox14 by RNAi or 
mutant analysis using strong hypomorphic or null allele resulted in severe ddaC dendrite 
pruning defect at 18 h APF. Interestingly, Sox14 expression lags slightly behind the 
upregulation of EcR-B1 during metamorphosis, suggesting that Sox14 expression could 
be regulated by EcR-B1. Consistently, knockdown of EcR-B1 via RNAi or EcRDN 
overexpression resulted in depletion of Sox14 protein. In the same study, a second 
screen of ethyl-methyl-sulfonate (EMS) mutagenized late-pupal lethal mutations on the 
third chromosome, led to the identification of mical, a cytosolic protein which is 
required cell autonomously and downstream of EcR-B1 and sox14 for dendrite pruning. 
Sox14 was also demonstrated to bind to the mical promoter and upregulate its 
expression. Interestingly, sox14 but not mical is required for MB ϒ neuron pruning (Kirilly 
et al., 2009). 
Mical is a large cytosolic protein with multiple domains and interacts with neuronal 
plexin A receptor to mediate Semaphorin-Plexin -dependent axonal repulsion during 
axon guidance. mical null mutant exhibits axon guidance defect to a similar extent to 
sema1a and plexA loss-of-function mutants (Terman et al., 2002). Interestingly, Mical 
directly binds and disassembles F-actin and thereby causes actin rearrangement, a 
hallmark of axon navigation (Hung et al., 2011, Hung et al., 2010). Despite the well 
established interaction between Mical and plexin A, the unpublished data from our lab 
had demonstrated that Semaphorin and Plexin A are dispensable for dendrite pruning 
(unpublished data, Gu and Yu).Further studies will be necessary to unravel the 
mechanism of dendrite pruning governed by Mical. Epigenetics changes that can modify 
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the activity of genes without altering the sequence of the DNA had also been implicated 
in dendrite pruning of ddaC neurons. Examination of 81 epigenetic factors' requirement 
in ddaC dendrite pruning has led to the discovery of Brm-containing remodeler (Brm) 
and a histone acetyl-transferase, CREB-binding protein (CBP) to be required in dendrite 
pruning. Both Brm and CBP are specifically required for proper sox14 expression. 
Chromatin immunoprecipitation assay revealed that EcR-B1 and Brm coordinates to 
enhance CBP-mediated acetylation of H3K27, a transcriptionally active marker in the 
sox14 region. Interestingly CBP and EcR-B1 interacts and forms a protein complex in an 
ecdysone dependent manner, suggesting that CBP could be a co-activator for EcR-B1. 
The formation of CBP and EcR-B1 complex is also dependent on Brm, as knockdown of 
Brm diminishes the CBP/EcR-B1 interaction.  
1.3.2.2 Caspases and calcium transients in neuronal pruning 
 
Neuronal pruning shares many similar features with cell apoptosis, including the 
fragmentation of cellular components, formation of blebs, local degeneration and the 
eventual clearance of debris by phagocytes; hence it is conceivable that caspases might 
also play a role in neuronal pruning.  Although attenuation of caspases activity studies 
done in MB ϒ neuron , via over expression of caspase inhibitor (p35) or  genetic removal 
of caspase activators did not lead to any axon pruning delay (Watts et al., 2003), studies 
in dendrite pruning had demonstrated the requirement of caspases during pruning.  
In the midst of the search for members of the UPS that is required for dendrite pruning, 
Kuo et al identified an E2 ligase UbcD1, encoded by the gene effete which is required for 
dendrite pruning. UbcD1 regulates degradation of anti apoptotic E3 ligase protein DIAP1, 
which antagonises Dronc caspase activity through ubiquitination and subsequent 
degradation of Dronc. The study subsequently demonstrated that both dronc null 
mutation and DIAP1 gain of function mutation lead to dendrite pruning defect (Kuo et 
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al., 2006). In another study, flies homozygous for another dronc null allele as well as flies 
overexpressing dominant negative form of Dronc, exhibited suppression in dendrite 
pruning (Williams et al., 2006). Interestingly, while both studies agrees that caspases are 
required in dendrite pruning, the former study suggested that caspases are activated 
during initiation of dendrite pruning , while the latter study suggested that caspases 
activation only occurs after severing of the dendrite branches to mark them for 
phagocytic engulfment.  
Multiple mechanisms are in place to keep caspase activity in check during pruning. On 
top of regulation of DIAP1 by UbcD1, Valosin-containing protein (VCP) had also been 
demonstrated to degrade DIAP1 during dendrite pruning. Inhibition of VCP via RNAi 
approach or overexpression of VCP dominant negative construct led to dendrite pruning 
defect, at the same time, activation of caspase was also reduced with a concomitant 
upregulation of DIAP protein in the ddaC neurons (Rumpf et al., 2011).  While it is clear 
that caspases activity is required for dendrite pruning, it is intriguing to wonder why 
despite the similarity between dendrite and axon pruning; it is required for the former 
and not the latter.  
Regardless of whether caspase activities are detected only in severing or about to severe 
dendrites, it remains unclear temporally, which dendrite would be severed prior to other 
dendrites, or what mechanism determines the fate of the dendritic branches. In a recent 
study, the utility of genetically encoded calcium indicator GCaMP3 revealed that calcium 
transient in local dendrites acts as temporal and spatial cues to activate pruning in ddaC 
neurons. At about 3 hours prior to dendrite pruning, calcium transient can be observed 
in the dendritic branches, furthermore blockage of calcium transient in voltage gated 
calcium channel (VGCC) mutant also impairs dendritic pruning. Interestingly, synergistic 
genetic interaction was observed between VGCC mutant and dronc mutant, suggesting 
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that caspase activity and calcium transient acts in parallel to mediate dendrite pruning 
(Kanamori et al., 2013).  
1.3.2.3 Ubiquitin and proteasome system in regulation of pruning  
 
The destruction of unwanted protein via ubiquitin-mediated proteolysis renders the 
ubiquitin proteasome system (UPS) the definitive on-off system of a cell. Unwanted 
proteins are marked for degradation by the proteasome via covalent modification of a 
lysine residue through a series of reactions. Ubiquitin activating enzyme (E1) catalyses 
the hydrolysis of an ATP and adenylylates an ubiquitin molecule. Ubiquitin ligase (E2) 
then receives the adenylylated ubiquitin on a cystein residue. In the final step, a highly 
diverse class of enzymes, known as ubiquitin ligases (E3) recognises a specific protein to 
be degraded and catalyses the poly-ubiquitination of the protein. Poly-ubiquitinated 
proteins whereby ubiquitin are linked via Lys48 or Lys11 linkage are then targeted for 
degradation in the proteasome.  
Several studies had implicated the ubiquitin proteasome system in the regulation of 
neurodevelopment and neuronal degeneration (Hegde and DiAntonio, 2002). Similarly, 
several studies had demonstrated the need for the UPS in neuronal pruning. Over-
expression of UBP2, a yeast ubiquitin protease capable of reversing the process of 
substrate ubiquitination, in both MB ϒ neuron and ddaC neuron resulted in either axon 
or dendrite pruning defect (Kuo et al., 2005, Watts et al., 2003). Furthermore, loss of 
function studies of ubiquitin activation enzyme 1 (uba1) or 19S particle of proteasome, 
mov34, also resulted in both axon and dendrite pruning defect (Kuo et al., 2005, Watts 
et al., 2003).  Kuo et al further investigated the involvement of UPS in dendrite pruning, 
by conducting an E2/E3 ubiquitinating enzyme screen. The screen revealed that 
mutation in E2 enzyme, ubcD1, is also required for dendrite pruning. Also identified was 
a caspase-antagonising E3 ligase, DIAP1, which was proposed to be degraded by UbcD1 
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upon UPS activation, hence preserving the activity of Dronc caspases for dendrite 
pruning (Kuo et al., 2006). 
Although it is clear that the UPS system is required for neuronal pruning, the specific E3 
ligase which is involved in both axon and dendrite pruning is unknown. It would be of a 
great interest to identify the specific E3 ligase and its downstream target involved in 
regulation of neuronal pruning.  
  
1.4 Ubiquitin proteasome system 
 
The ubiquitin proteasome system serves as a permanent switch to control the 
functionality of a protein, polyubiquitination followed by proteolysis in the proteasome 
ensures unidirectionality of a process. As mentioned earlier, ubiquitin proteasome 
system has been implicated in the regulation of neuronal pruning. While there are 2 E1 
enzymes in human, there is only 1 E1 enzyme in Drosophila melanogaster and given that 
E1 enzymes governs the initiation of such an important process, it is not surprising that 
the only E1 enzyme, Uba1, is also required for neuronal pruning (Kuo et al., 2005). The 
presence of only 28 predicted and known E2 enzymes in the Drosophila genome has also 
eased the identification of the E2 enzyme required for neuronal pruning. Substrate 
specificity of protein degradation is conferred by the E3 ligase, and it has been estimated 
that > 80% of protein undergo ubiquitin mediated degradation, hence the identification 
of the E3 ligase involved in a particular biological process is crucial to the better 
understanding of the process. The presence of a large number of E3 enzymes, of which 
many are modular, with substrate specificity conferred by different subunit assembled 
onto a core scaffold, makes the identification of the specific E3 ligase and its substrate 
involved in neuronal pruning a daunting task. 
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1.4.1 E3 ligases and neurodegenerative diseases  
 
The substrate selectivity of the UPS is reliant on the E3 ligase. Very often post-
translational modification of the substrate is a pre-requisite for selection. The E3 ligases 
are highly diverse and can be characterised by defining motifs. E3 ligases can be 
classified into monomeric or modular E3 ligases. Within the modular E3 ligases, they can 
be further classified into HECT (Homologous to E6-associated protein C-terminus) or 
RING (Really Interesting New Gene) domain containing E3 ligase. While HECT domain E3s 
are involved in the direct catalysis of the substrate, RING domain E3s serve as an 
adaptor-like molecule, bringing the substrate and E2s in close proximity for effective 
poly ubiquitination. Dysregulation of E3 ligases had been implicated in various 
neurodegenerative diseases, such as Parkinson’s disease (Kitada et al., 1998, Matsumine 
et al., 1998, Trempe et al., 2013), Huntington’s disease (Zucchelli et al., 2011, Bhutani et 
al., 2012, Lu et al., 2013) and amyotrophic lateral sclerosis (Mishra et al., 2013, Ying et 
al., 2009, Niwa et al., 2002). Furthermore, E3 ligases had also been identified to play 
crucial role in maintenance of axon integrity post injury (Babetto et al., 2013, Xiong et 
al., 2012, Xiong et al., 2010).  
First isolated in 1998, Parkin is possibly the best known E3 ligase to be implicated in 
neurodegenerative disease, Parkinson’s disease (Kitada et al., 1998) . Severe motor and 
non- motor symptoms are characteristics frequently associated with Parkinson’s disease. 
To date, more than 120 mutations have been identified in PARK2 (parkin) to causes 
autosomal recessive Parkinson’s disease (Kitada et al., 1998, Lucking et al., 2000, Mata et 
al., 2004). It has always been a challenge to identify the substrate for E3s, although 
substrates like porin, mitofusin and Miro has been shown to be ubiquitinated by Parkin 
(Liu et al., 2012, Narendra et al., 2012, Youle and Narendra, 2011, Wang et al., 2011, 
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Glauser et al., 2011), the entire repertoire of substrate still remains poorly defined and 
awaits elucidation.  
RING (Really Interesting New Gene) domain containing E3 ligase such as Cullin based SCF 
(Skp-Cullin-F-box) E3 ligase complex has also been demonstrated to mediate neuronal 
degenerative diseases pathology. It was found that at the Drosophila neuromuscular 
junction, SCF complex can regulate turnover of PAR-1 which regulates tau-mediated 
postsynaptic toxicity of amyloid precursor protein (APP)/Aβ-42, the causative agents of 
Alzheimer's disease (Lee et al., 2012). Huntington's disease and Machado-Joseph disease 
are associated with an increased load of poly-glutamine aggregate. Expression of Cullin-1 
and Skp1 core components of SCF complex was found to be reduced in Huntington's 
disease mice. Furthermore the silencing of Cullin-1 and SkpA in Drosophila results in 
increased toxic aggregate load and poly glutamine induced toxicity (Bhutani et al., 2012). 
1.4.2 Cullin-1 based SCF E3 ligase 
 
Cullin-1 based SCF E3 ligase complex is one of the multiple members of the RING domain 
containing E3 ligases and is the archetypes for modular E3 ligases. The cullin gene family 
is evolutionarily conserved. While in the mammalian system, the Cullin family comprises 
of Cullin1-7 and PARC (p53-associated parkin-like cytoplasmic protein), in Drosophila 
melanogaster, the Cullin family only comprises of Cullin 1-5 (Sarikas et al., 2011). A 
functional Cullin-1 based SCF E3 ligase is assembled upon the scaffold protein Cullin-1 
which bridges components on its N- and C-terminus. The C-terminus of Cullin-1 recruits 
the small RING protein, Roc1a, which aids the interaction between the E2 and the E3 
enzyme. An adaptor protein SkpA binds to the N-terminus of Cullin-1 and in turn binds a 
variable F-box containing protein (Petroski and Deshaies, 2005). F-box containing 
proteins as implied by their name carries a F-box domain, there are 69 human F-box 
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proteins and about 35 in Drosophila melanogaster, with each of them conferring 
different substrate specificity for the E3 ligase (Ho et al., 2006, Jin et al., 2004, Skaar et 
al., 2009). Most Cullin based E3 ligases are subjected neddylation, a process whereby a 
small ubiquitin like protein, Nedd8 is conjugated to the cullin subunit. This modification 
tethers the RING protein on a flexible hinge, which allows the E2 to come into closer 
proximity of the substrate, increasing the likely-hood of substrate ubiquitination (Skaar 
et al., 2013).  
1.4.3 F-box proteins, Beta-TrCP and Slimb 
 
Amongst all the E3 ligase, Cullin-1 based SCFβ-TrCP E3 ligase is probably one of the best 
studied E3 ligase. Beta-transducin repeats-containing protein (β-TrCP) functions as the 
substrate recognition subunit for the Cullin-1 based E3 ligase and it is highly conserved 
with its Drosophila homolog known as Slimb. These ligases play an essential role in 
regulation of cell division and various signal transductions, which are vital for many 
aspects of development. Initially β-TrCP was discovered as a cellular ubiquitin ligase 
bound by HIV-1 VPU viral protein to eliminate cellular CD4, though connection to the 
proteolytic machinery (Margottin et al., 1998) . The diversity of cellular processes 
regulated by β-TrCP through degradation of a variety of substrate had been 
demonstrated by several groups (Frescas and Pagano, 2008). Amongst the diverse range 
of substrate, IƙB, an inhibitor of NFƙB is probably the best known. NFƙB is an inducible 
transcription complex which is normally inactive and sequestered in the cytoplasm by 
IƙB(Karin and Greten, 2005). Rapid phosphorylation and subsequent ubiquitination of 
IƙB by β-TrCP occurs after cells had been exposed to various cellular stress conditions 
(Spencer et al., 1999, Tan et al., 1999, Wu and Ghosh, 1999). The degradation of IƙB 
frees NFƙB from sequestration leading to increased gene transcription. Constitutive 
activation of NFƙB has been frequently observed in many inflammation-associated 
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cancer(Karin and Greten, 2005). Although majority of the studies suggested that β-TrCP 
regulates cellular processes at the transcriptional level through degradation of 
transcription factor or their inhibitor, growing evidences suggest a non-transcriptional 
role of β-TrCP. For example, PDCD4, a tumour suppressor that binds to and inhibits 
eukaryotic translation initiation factor 4a (eIF-4a) and subsequently inhibits translation 
has been shown to be degraded by β-TrCP (Dorrello et al., 2006, Yang et al., 2003).  
Hedgehog (Hh) and Wnt/Wingless (Wg) signaling regulates multiple modules of animal 
development (Nusse and Varmus, 1992, Ingham, 1995). A recessive mutation genetic 
screen for genes that affect normal adult patterning in Drosophila, led to the discovery 
of Slimb in regulation of both Hh and Wg signaling. Slimb mutants display cell 
autonomous accumulation of cubitus interruptus and Armadillo, which are important 
transcription factor downstream of Hh and Wg signaling pathway respectively (Jiang and 
Struhl, 1998). The Drosophila’s circadian rhythm is dictated partly by the daily oscillation 
of proteins Period and Timeless, both of which accumulates and progressively 
phosphorylates during the night time (Myers et al., 1996, Zeng et al., 1996, Edery et al., 
1994).  The mechanism governing this oscillation remained a mystery sometime until 
Grima. B and colleagues discovered that Slimb is an essential component of the circadian 
rhythm regulating the degradation of Period and Timeless during constant darkness 
(Grima et al., 2002), thus implicating Slimb in regulation of yet another important 
biological process.   
1.5 Insulin signaling pathway 
 
On top of the above mentioned pathways or biological processes which are regulated in 
part by Beta-TrCP/Slimb or the ubiquitin proteasome system, recent studies had also 




Insulin stimulates glucose uptake and utilization in muscle and at the same time 
suppresses glucose production in the liver, thereby maintaining glucose homeostasis. On 
the other hand insulin like growth factor (IGF) are important factor for cell proliferation, 
differentiation and survival of cells in vivo (Jones and Clemmons, 1995). In Drosophila, 
the effects of insulin or IGF signaling on growth, longevity and size is mediated through 
the insulin receptor (InR), the insulin receptor substrate (IRS), phosphatidylinositol 3-
kinase (PI3K), PI3K downstream target protein kinase B (PKB) otherwise known as Akt 
and downstream mammalian target of rapamycin (mTOR) signalling pathway (Jones and 
Clemmons, 1995, Bohni et al., 1999, Leevers et al., 1996, Verdu et al., 1999, Weinkove 
and Leevers, 2000). 
Multiple E3 ubiquitin ligases have been showed to target insulin receptor substrate 1, 
including SOCS1 and SOCS3 during inflammation-induced insulin resistance (Rui et al., 
2002) as well as Cbl-b E3 ligase during muscle atrophy (Nakao et al., 2009). In 2008, a 
cullin 7 based E3 ubiquitin ligase has been identified to target insulin receptor substrate 
1 (IRS-1) for proteasomal degradation (Xu et al., 2008). Using a proteomics co-
immunoprecipitation followed by mass spectrometry approach, Xu et al identified IRS-1 
as an interactor of Cullin7 based E3 ligase. Furthermore the substrate recognition 
domain of Cullin7 based E3 ligase, Fbw8, promotes the mTOR dependent ubiquitination 
and degradation of IRS-1. Consistently, IRS-1 accumulates in Cul7-/- mice embryonic 
fibroblast and the cells also show increase activation of IRS-1’s downstream factors, Akt 
and MEK/ERK pathway (Xu et al., 2008).  
1.5.1 Insulin signaling in Drosophila  
 
Insulin signaling has been extensively studied in Drosophila and has been known to be 
involved in mediation of longevity, systemic growth, neural stem cell behavior and 
recently neuronal axon and dendrite regeneration. Encoded in the genome of the 
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Drosophila are eight Drosophila insulin-like peptides (Dilps) showing diverse temporal 
and spatial expression profiles. In embryos, dilp-2, 4 and 7 are expressed in the 
mesoderm and midgut, dilp-7 mRNA can also be detected in larval and adult ventral 
nerve cord (Brogiolo et al., 2001). Dilp-2,3 and 5 are expressed in insulin producing cells 
(IPCs) in the larval brain which are thought to be functionally and developmentally 
similar to pancreatic beta cell of the mammalian system (Rulifson et al., 2002). While 
dilp-3 expression can be detected in visceral muscle cell, dilp-6 is strongly expressed in 
larval and adult fat body, which serves similar function as the mammalian adipose tissue 
and liver (Okamoto et al., 2009, Veenstra et al., 2008, Slaidina et al., 2009).  
Reduced insulin signaling when insulin receptor or its receptor substrate (Chico) is 
mutated in Drosophila had been demonstrated to lead to a 50% increase in longevity of 
the animal (Tatar et al., 2001, Clancy et al., 2001, Tu et al., 2002). Subsequently, 
forkhead transcription factor (FOXO) a downstream effector of insulin signaling was 
identified to be responsible for both cell autonomous and non cell autonomous 
regulation of aging in response to insulin signaling in Drosophila (Hwangbo et al., 2004)   
Similar to its mammalian counterpart, insulin signaling in Drosophila also regulates cell 
or systemic growth. Disruption of insulin signaling through ablation of dilp-1, 2, 3 and 5 
producing brain insulin producing cells reduces growth rate or final body size, on the 
other hand, over expression of dilp1-7 in the animal increases both larval growth rate 
and adult size. (Broughton et al., 2005, Rulifson et al., 2002, Ikeya et al., 2002, Brogiolo 
et al., 2001). Further study done using a temperature sensitive allele of insulin receptor, 
also demonstrated that although the role of insulin signaling on growth rate is generic, 
its effect on future adult size is not. The future adult size is highly dependent on the 
presence or absence of insulin signaling during a critical lag phase of growth termed 
interval to cessation of growth, whereby the larvae continues to grow despite cessation 
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of feeding (Chen et al., 1996, Shingleton, 2005). Tight regulation of circulatory dilps is 
mediated by a secret decoy of InR (SDR) which antagonizes insulin signaling to restrict 
body growth (Okamoto et al., 2013). There is a strong interconnection between insulin 
signaling, nutrient availability and growth of an organism, which was underscored by 
numerous studies. Amongst which, genetic activation of insulin signaling in starved 
Drosophila larvae can bypass the cellular effects of starvation such as cell growth and 
DNA replication arrestment as well as induction of autophagy in fat body (Saucedo et al., 
2003, Rusten et al., 2004, Scott et al., 2004). Organ growth is often coupled with 
developmental timing in complex organism. In Drosophila, impaired larval tissue growth 
hinders growth and morphogenesis, indicating the presence of a coupling mechanism. A 
recent genetic screen revealed that a secreted peptide, dilp-8 from the imaginal disc 
serves as one of the key to the control of the timing of metamorphosis. It was proposed 
that during impaired growth, dilp-8 acts on the Drosophila’s brain to delay 
metamorphosis allowing more time for tissue generation and repair (Colombani et al., 
2012).  
Insulin signaling also regulates neural stem cell development. Drosophila neural stem 
cells, otherwise known as neuroblasts undergoes a phase of quiescence separating 
distinct embryonic proliferation from post-embryonic phase of proliferation(Ito and 
Hotta, 1992, Truman and Bate, 1988). Drosophila neuroblast's exit from quiescence is 
coupled to larval growth, through a nutritional stimulus known as fat body derived 
mitogen (Colombani et al., 2003, Sousa-Nunes et al., 2011). This stimulus was in turn 
relayed to the neuroblast through stellate surface glial cells overlying the neuroblast. 
These stellate surface glial cells was found to express dILP6 and forced expression of  
insulin like peptide in these cells was able to drive neuroblast proliferation despite the 
absence of dietary protein. Furthermore, activation of insulin signaling pathway in 
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neuroblast was shown to be essential for neuroblast exit from quiescence (Sousa-Nunes 
et al., 2011, Chell and Brand, 2010).  
Neuronal regeneration studies have traditionally been done in cell culture or in the 
murine system. Recent technological advancement had enabled axotomy or dendritomy 
of neurons in the Drosophila melanogaster, facilitating studies of regeneration in 
Drosophila. In an attempt to understand the cellular mechanism of regeneration, Song et 
al, demonstrated that ddaC neuron axon and dendrites are capable of regeneration. 
Interestingly, this regeneration capacity is regulated cell autonomously by components 
of the insulin signaling pathway, PTEN and Akt. Bantam, a microRNA derived from the 
epithelial cells that was previously shown to regulate Akt abundance in ddaC neurons is 
also important in dendrite regeneration (Song et al., 2012).   
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1.6 Aim of this study 
 
Although there have been numerous studies detailing the genetics of dendrite pruning, 
in particular in ddaC neurons of Drosophila melanogaster, the knowledge of the genetic 
and mechanistic control of dendrite pruning is far from complete. For example, while 
ecdysone steroid hormone signaling is known to be required for pruning, few of its 
downstream effectors has been identified. Furthermore, while Sox14 a key transcription 
factor downstream of ecdysone signaling was identified to be essential for both ddaC 
dendrite and MB ϒ neuron pruning, its downstream effectors Mical, is only essential for 
ddaC dendrite pruning. Also, the dendritic pruning defect in mical mutant was less 
severe compared to sox14 mutant, these observations suggest that there are yet to be 
identified players downstream of sox14 to regulate both dendrite and axon pruning as 
well as players downstream of sox14 which may acts in parallel to Mical to regulate 
dendrite pruning.   
While the ubiquitin proteasome system had been identified to be important in dendritic 
pruning, the specific E3 ligase which confers substrate specificity to the protein 
degradation pathway in neuronal pruning has yet to be identified. Furthermore, it is 
unclear what is being regulated by the ubiquitin proteasome system during dendrite 
pruning. A cytoskeletal protein which is required to maintain the integrity of the 
dendrite but has to be degraded during pruning would be an attractive candidate. 
Alternatively, the degradation pathway may regulate the protein stability of a key 
signaling molecule that is crucial for relaying the pruning signal.  
To gain deeper genetic and mechanistic insight to the regulation of developmentally 
programmed dendritic pruning, we decided to embark on an unbiased reverse genetic 
RNAi screen to identify novel players and unravel the mechanisms that confer the 
specificity to the control of dendrite pruning in Drosophila ddaC neurons. 
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Chapter 2 Material and Methods 
2.1 List of Fly strains 
Fly strains used in this study are listed as below. 
cul1EX(C.T. Chien) , UAS-Flag-Cul1(C.T. Chien) , nedd8AN015  (C.T. Chien), roc1aG1(R.J. 
Duronio), roc1bdc3 (R.J. Duronio), Df(3R)swp2MICAL(A. Kolodkin), UAS-micalN-ter (A. 
Kolodkin), ppk-Gal4 (on Chr II or Chr III; Y. Jan), slimb2(J. Jiang), tub-Myc-slimb(J. Jiang), 
UAS-SmoΔ661-818  (J. Jiang), UAS-CiU (K. Basler), UAS- NotchDN (d.n.N),  UAS-NotchCA (act.N) 
(S. Artavanis-Tsakonas), UAS-DomeCYT (J. Castelli-Gair Hombria), UAS-PVRDN (P. Rorth), 
UAS-Tkv1ΔGSK (M. O'Connor), slimb8 (B. Limbourg-Bouchon), UAS-CiCell (K. Basler), UAS-
DshDIX (N. Perrimon), UAS-PTEN (T. Xu), UAS-TSC1,UAS-TSC2 (T. Xu), PTENc494 (T. Xu), 
PTEN1 (C. Wilson), UAS-4E-BP(AA) (S. Cohen), ago3 (I. Hariharan), UAS-cul1DN(generated 
in this study), UAS-skpA-RFP (generated in this study),  UAS-CD8::PARP::Venus, elav-
GeneSwitch-Gal4, mical15256 (the Yu lab), sox1413(the Yu lab),  mical-lacZ (the Yu lab),   
The following stocks were purchased from Bloomington stock centre (BSC): skpA1, skpA 
RNAi #1 (BL29874), FRT40A Cul3gft2,UAS-ptc,  FRTG13 Cul411L, UAS-sggS9A, UAS-BskDN, 
UAS- InR, UAS- InRDN (InRK1409A), UAS-InRCA (InRA1325D), UAS-ArmS10, UAS-YkiS168A, UAS-
EGFRDN, UAS-PI3K, UAS-PI3KDN (PI3KD954A), UAS-PI3KCA (PI3KCAAX), UAS-TORTED, UAS-S6KKQ, 
UAS- S6KCA (S6KSTDETE),  UAS-Rheb, akt RNAi (BL31701 and BL33615), Gal42-21, 201Y-Gal4, 
OK107-Gal4, Gal4 109(2)80, UAS-akt, , elav-Gal4, ppk-CD4-tdTomato 
The following stocks were purchased from Vienna Drosophila RNAi Centre (VDRC): roc1a 
RNAi #1 (v106315), roc1a RNAi #2 (v32398), skpA RNAi #2 (v32790), skpA RNAi #3 
(v107815), slimb RNAi #1 (v107825), slimb RNAi #2 (v34273),  cul1 RNAi #1 (v108558), 
cul1 RNAi #2(v42445), cul1 RNAi lines (v33406  and v33407), 
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2.2 Rapamycin treatment  
In order to temporally control attenuation of insulin signaling, larvae were fed with 
rapamycin. To circumvent any developmental delay due to drug treatment, wild-type or 
mutant embryos were collected at 6 hours intervals and were reared on standard food 
to the 3rd instar stage (96 hour after egg laying, AEL). The larvae were subsequently 
transferred to the standard culture medium containing 2 µm of Rapamycin dissolved in 
ethanol (Sigma Aldrich R0395). Control larvae were transferred to standard culture 
medium containing the same amount of ethanol. Larvae consumed rapamycin food for 
approximately 8 hours before cessation of feeding. The puparium formation onset and 
adult eclosion were not affected by Rapamycin treatment. The wandering third instar 
larvae were used to quantify the total dendrite termini.  
2.3 RU486/mifepristone treatment for elav-GeneSwitch system.  
The elav-GeneSwitch system was used in order to gain temporal control of transgenic 
expression.  ppk-CD4-tdTomato; Elav- Geneswitch virgin female was crossed to UAS-
Cul1DN male. As a control, ppk-CD4-tdTomato; Elav- Geneswitch virgin female was 
crossed to UAS-MicalN-ter (previously demonstrated not to affect pruning)(Kirilly et al., 
2009). Appropriate genotype embryos were collected at 6 hour intervals. The embryo 
were allow to develop on standard food to the 3rd instar stage before transferring to the 
standard culture medium containing 240 µg/ml mifepristone dissolved in ethanol (Sigma 
Aldrich M8046). The puparium formation onset and adult eclosion were not affected by 
RU486 feeding.  
2.4 Microscopy and image acquisition and quantification 
 For live imaging of neurons at w3L, white pupal or early pupal stage (<10h APF), 
larval/pupal was washed 3 times in PBS and mounted with 90% glycerol in PBS. For 
imaging of older pupal (>10h APF, eg. 16/18 h APF), pupal was first placed onto double 
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sided tape and pupal case was carefully removed with the help of a forceps. The whole 
animal was then mounted with 90% glycerol in PBS.  
Images of neurons were acquired on Leica SPE laser confocal microscope and processed 
with Adobe Photoshop CS2 (Adobe Systems, CA,USA). Quantification of primary and 
secondary dendrites for ddaC neurons of the second to fifth abdominal hemisegment 
was carried out manually in a 275 µm x 275 µm frame of the dorsal dendritic field of the 
ddaC neuron. For quantification of the number of dendritic termini, the number 
dendritic terminus of each ddaC neurons was quantified in a 550 µm x 550 µm frame of 
the ddaC neuron.  
Image J software was used for quantification of immunostaining.  Outline of the cell 
nuclei (EcR-B1/Sox14 immunostaining) or whole cell body (Mical immunostaining) was 
traced on the appropriate fluorescent channel based on the GFP channel relative cellular 
localization. Rolling ball radius of 30 was used to deduct the background on the entire 
image of that channel. After which, the mean grey value in the marked areas in ddaC 
and ddaE on the same images was measured and their ratios calculated.  The ratios were 
normalized to corresponding average control values and subjected to statistical t-test for 
comparison between different conditions  
To quantify the immunolabeling intensities of Akt, soma/dendrite/axon regions were 
drawn on the appropriate fluorescent channel based on the GFP channel relative cellular 
localization in ImageJ software. After subtracting the background, the mean grey value 
of Akt in the marked areas was measured. The values were normalized to corresponding 
average control values and subjected to statistical t-test for comparison between 
different conditions.  
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Statistical significance was determined using two-tailed student’s t-test.  We consider 
the result to be significant (*) when p< 0.05, (**) when p<0. 01, (***) when p<0.001.   
2.5 MARCM labeling for ddaC neuron mutants 
MARCM labelling (Lee and Luo, 1999) was used to positively label mutant ddaC neuron 
during dendrite pruning. For X chromosome mutant, hsFlp, FRT19A tubP-Gal80; 
Gal4109(2)80, UAS- mCD8-GFP male flies were crossed to virgin females carrying mutation 
associated with  FRT19A 2 days before setting up of cages. To generate clones, embryos 
were collected at 3h interval onto fresh yeast grape agar plate. The embryos were then 
aged for 3h at 25°C before heat shock. A two steps heat shock regime was employed; 
first the embryos were heat shock for 45min at 37°C followed by a 30min recovery at 
25°C. After recovery, the embryos were subjected to the second round of heat shock at 
37 °C for 45min.  
For 2nd  or 3rd chromosome mutant, Gal45-40, UAS-Venus:pm, SOP-flp #42; FRTG13, tubP-
Gal80, Gal45-40, UAS-Venus:pm, SOP-flp #42; FRT40A, tubP-Gal80,  Gal45-40, UAS-
Venus:pm, SOP-flp #42;; FRT80B, tubP-Gal80 or  Gal45-40, UAS-Venus:pm, SOP-flp #42;; 
FRT82B, tubP-Gal80 virgin females were crossed to corresponding males flies carrying 
FRT associated mutation. The embryos were then reared at 25°C with fresh yeast paste.  
For all MARCM analysis, embryos were reared at 25°C with fresh yeast paste to 
wandering third instar larval stage before examination of clone under under a Leica 
MZFL III fluorescence microscope fitted with a PLANAPO 10x lens. Larvae positively 
identified with clones were kept and allowed to develop to white prepupae stage. Upon 
pupariation, the dda neuron was imaged immediately and after imaging the animal was 





2.6 MARCM labeling for mushroom body ϒ neuron mutants  
MARCM labelling (Lee and Luo, 1999) was used to positively label mushroom body ϒ 
neuron mutant during axon pruning. For X chromosome mutant,   hsFlp, FRT 19A tubP-
Gal80; 201Y-Gal4, UAS-mCD8-GFP male flies were crossed to virgin females carrying 
mutation associated with FRT19A. For 2nd chromosome mutant on the right arm, w*, 
UAS-mCD8-GFP, hsFlp; FRTG13, tubP-Gal80 virgin females were crossed to males 
carrying mutation associated with FRTG13, 201Y-Gal4. For 2nd chromosome mutant on 
the left arm, w*, UAS-mCD8-GFP, hsFlp; 201Y-Gal4, FRT40A, tubP-Gal80 virgin females 
were crossed to males carrying mutation associated with FRT40A. For 3rd chromosome 
mutant, w*, hsFlp; 201Y-Gal4, UAS-mCD8-GFP; FRT82B, tubP-Gal80 or w*, hsFlp; 201Y-
Gal4, UAS-mCD8-GFP; FRT80B, tubP-Gal80 virgin females were crossed to males carrying 
mutation associated with FRT82B or FRT80B respectively. The flies were crossed 2 days 
prior to embryo collection. Embryos were collected at 6h interval on standard fly food 
and allowed to develop for 24h before heat shock. A two steps heat shock regime was 
employed; first the embryos were heat shock for 45min at 37°C followed by a 30min 
recovery at 25°C. After recovery, the embryos were subjected to the second round of 
heat shock at 37 °C for 45minutes. The animals were then allowed to develop to 
appropriate stages before dissection, immunostaining and visualization of phenotype.  
2.7 Immunohistochemistry 
Larval, pupal and adult fillet or brains were dissected in cold PBS followed by fixation in 4% 
paraformaldehyde for 20 minutes and 15 minutes respectively. The samples were 
washed in PBS+0.3%Triton X (for fillet) or PBS+1%Triton X (for brain) 3 times, 15 minutes 
each. The samples were then blocked in 5% normal goat serum for 30 minutes prior to 
incubation with primary antibody overnight at 4°C. The following primary antibodies 
were used at the indicated dilution: guinea pig Anti-Mical (1:500, Yu Lab), mouse 
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polyclonal anti-Sox14 (1:200, Yu Lab), mouse Anti-FasII (1:50, 1D4, DSHB), mouse anti 
EcR-B1 (1:50, DDA2.7, DSHB), rabbit anti-GFP (1:1000, Invitrogen), rabbit anti-GFP 
(1:1000, A11122, Invitrogen), rabbit anti-Akt (1:500, #4691L, Cell Signaling), anti-β-gal 
(1:1000, Invitrogen), mouse anti-FasII (1:100; 1D4, DSHB), rabbit anti-cleaved PARP 
(1:500, 2317-50, Abcam).  The samples were then washed thrice in PBS+0.3%Triton X 
(for fillet) or PBS+1%Triton X (for brain), 15 minutes each. Secondary antibodies were 
next added and incubated at 25°C for 3 hours at the indicated dilution: goat Cy3-
conjugated anti-rabbit IgG or goat  Cy3-conjugated goat anti-mouse IgG (1: 500, Jackson 
Laboratories), goat Cy5-conjugated anti-rabbit IgG or goat  Cy5-conjugated goat anti-
mouse IgG (1: 100, Jackson Laboratories) and goat Cy5-conjugated anti-Horseradish 
Peroxidase (HRP) (1:200, Jackson Laboratories). After secondary antibody incubation, 
the samples were washed 3 times in PBT for 15 minutes each before mounting in 
VectaShield Mounting Medium. 
2.8 Quantitative PCR 
2.8.1 Laser capture microdissection and RNA isolation  
Appropriate genotype larval or pupal brains were dissected in ice cold RNAase free DEPC 
treated PBS. Approximately 50 brains were mounted into Jung tissue freezing 
compound. The samples were then rapidly frozen by placing the samples on a slurry of 
50% dry ice and 2-methylbutane. Isolation of RNA from MB ϒ neurons was accomplished 
using Laser Capture Microdissection (LCM) followed by RNA extraction. Ten-micrometer 
frozen sections were cut from larval or pupal brains using Thermo Scientific Cryostat 
SME. Following that, MB ϒ neurons labeled by 201Y-GAL4>mCD8::GFP were visualised 
and microdissected using the Zeiss PALM microbeam microdissection system. 
Independent capture consisted of about 80 cell bodies, and 30 captures were pooled to 
obtain each replicate. Total RNA was next extracted using the PicoPure RNA isolation kit 
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(Arcturus) as per manufacturer recommendation. The isolated RNA was subjected to 
reverse transcription using Oligo dT and the SuperScript III First-Stand Synthesis 
SuperMix (Invitrogen). Lastly, RNase-Free DNases (Qiagen) was applied to digest the 
genomic DNA.  
2.8.2 Quantitative PCR 
cDNA obtained from LCM isolated  MB ϒneurons were used for quantitative PCR.  
Independent experiments were conducted in triplicates using Maxima SYBR Green/ROX 
qPCR Master Mix (Fermentas) and 7900HT Fast Real-time PCR system (Applied 
Biosystems) according to manufacturer’s recommendations. Expression of EcR-B1, 
sox14, mical, cullin-1, uba1 were measured in each experiment, rp49 (CG7939) was used 
as an internal control gene. Results were normalized to the controls indicated. The 
primers used are included in the table below. 
Primers 5’-to-3’ sequence 












Table 1: Sequence of primers used for Quantitative PCR 
2.9 S2 Cell culture, transfection and ecdysone treatment 
S2 cell culture (Drosophila Genomics Resource Centre) were maintained at 25°C in 
Express Five® SFM (Gibco) supplemented with 1% L-glutamine.  For transfection, S2 cells 
were plated at a density of 1.8 x 106 cells per 35mm dish one day before transfection. On 
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the next day, 0.5ug of each expression plasmid were transfected into the cells using 
Effectene transfection reagent (Qiagen) according to manufacturer’s recommendation, 
cells were harvested 48 hours post transfection. For ecdysone treatment, 6 hours prior 
to harvesting of cells, transfected cells were treated with 40uM of 20-hydroxyecdysone 
(Sigma-Aldrich) dissolved in methanol while non- treated control were treated with the 
same volume of methanol.  
2.10 Co-immunoprecipitation 
Transfected S2 cells transfected with appropriate expression plasmid or appropriate 
genotype prepupae brains were lysed in lysis buffer (25mM Tris pH8/ 27.5mM NaCl/ 
20mM KCl/ 25mM sucrose/ 10mM EDTA/ 10mM EGTA/ 1mM DTT/ 10% (v/v) glycerol/ 
0.5% Nonidet P40) with protease inhibitors (Complete, Boehringer; PMSF 10ug/ml, 
Sodium orthovanadate 10ug/ml). For ecdysone treated cells, 40uM of 20-
hydroxyecdysone (Sigma-Aldrich) was added to the lysate. The lysates were allowed to 
lyse at 4°C for 30 minutes before centrifugation to remove cellular debris. The 
supernatants were subjected to immunoprecipitation with anti-Flag, anti-Myc or anti-
Akt overnight at 4°C. Following which, 40ul of protein A/G beads (Pierce Chemical Co.)  
was added and the mixture was allowed to incubate for two hours. Protein A/G beads 
were washed four times with cold PBS. The bound proteins were separated by SDS-PAGE 
and analysed by western blotting with anti-Cullin-1, anti-SkpA, anti-Myc, anti-Flag or 
anti-Akt antibody. 
2.11 Double immunoprecipitation 
 
Transfected S2 cells transfected with appropriate expression plasmid were homogenized 
with lysis buffer (25mM Tris pH8/ 27.5mM NaCl/ 20mM KCl/ 25mM sucrose/ 10mM 
EDTA/ 10mM EGTA/ 1mM DTT/ 10% (v/v) glycerol/ 0.5% Nonidet P40) with protease 
inhibitors (Complete, Boehringer; PMSF 10ug/ml, Sodium orthovanadate 10ug/ml). The 
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lysates were allowed to lyse at 4°C for 30 minutes before centrifugation to remove 
cellular debris. The supernatants were used for the 1st immunoprecipitation with anti-HA 
overnight at 4°C, followed by incubation with protein A/G beads (Pierce Chemical Co.) 
for two hours. Protein A/G beads were washed four times with cold PBS. The bound 
protein was released from the beads by adding 2x protein dye followed by boiling. A 
small fraction of the first immunoprecipitation was kept and the remaining was diluted 
100x in dilution buffer (50mM Tris pH7.6/ 10mM Mg(CH3COO)2 • 4H2O/ 1% Nonidet P40) 
with protease inhibitors (Complete, Boehringer; PMSF 10ug/ml, Sodium orthovanadate 
10ug/ml). Diluted lysates were used for the 2nd immunoprecipitation with Anti-Myc 
overnight at 4°C, followed by incubation with protein A/G beads (Pierce Chemical Co.) 
for two hours.  Protein A/G beads were washed four times with cold PBS. The bound 
proteins were separated by SDS-PAGE and analysed by western blotting with anti-Myc, 
anti-Flag or anti-HA antibody. 
2.12 In-vivo ubiquitination assay 
S2 cells were transfected with actin promoter driven expression plasmids, Flag-Slimb, 
Flag-SlimbWD40, Myc-Akt, and pHsp70-hemagglutinin (HA)-ubiquitin (A.Sehgal). At 48 h 
post-transfection, cells harvested and lysed with the lysis buffer (25mM Tris pH8/ 
27.5mM NaCl/ 20mM KCl/ 25mM sucrose/ 10mM EDTA/ 10mM EGTA/ 1mM DTT/ 10% 
(v/v) glycerol/ 0.5% Nonidet P40) with protease inhibitors (Complete, Boehringer; PMSF 
10ug/ml, Sodium orthovanadate 10ug/ml).  The lysates were allowed to lyse at 4°C for 
30 minutes before centrifugation to remove cellular debris. The supernatants were 
subjected to immunoprecipitation with anti-Myc, overnight at 4°C. Following which, 40ul 
of protein A/G beads (Pierce Chemical Co.) was added and the mixture was allowed to 
incubate for two hours.  Protein A/G beads were washed four times with cold PBS. 
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Bound proteins were separated by SDS-PAGE and analysed by western blotting with 
anti-Flag, Anti Myc or Anti HA antibody. 
2.13 SDS-PAGE and Western blotting 
For brain extracts, 10 mutant or control brains were dissected in cold PBS, lysed in 2XSDS 
protein loading dye and boiled for 5 minutes, prior to western blot analyses. S2 cells 
lysate or brain extract were separated on 8%  SDS-PAGE gel in 1x SDS-running buffer at 
constant voltage of 120V. After electrophoresis, the proteins were transferred onto 
Immuno-Blot® PVDF membrane (BioRad) in 1x transfer buffer at 400mA for 1 hour at 4°C, 
followed by blocking in 5% skim milk in PBS+0.1%Tween20 for another 30 minutes, at 
room temperature. The membrane was then incubated with primary antibody diluted in 
5% skim milk overnight at 4°C. The antibody used were, rabbit anti-Cullin-1 (C.T. Chien), 
mouse anti-Myc (1:2000, ab32, Abcam), rabbit anti-Flag (1:1000, F-3165, Sigma), rabbit 
anti-Akt (1:1000, #4691L, Cell Signaling) , rabbit anti-SkpA (T. Murphy), rabbit anti-Akt P-
Ser505 (1:1000, #4054S, Cell Signaling), rat anti-HA (1:1000, 11867423001,Roche). On 
the next day, the membranes were washed 3 times in PBS+0.1%Tween20, 15 minutes 
each before incubation with secondary antibody diluted in 5% skim milk for 2 hours. The 
secondary antibodies used were, anti-rabbit IgG-HRP (1:10000), anti-rat IgG-HRP 
(1:10000) and anti-mouse IgG-HRP (1:10000). After incubation, the membranes were 
washed 3 times in PBS+0.1%Tween20, 15 minutes each. Chemiluminsence were 
detected SuperSignal® West Pico Chemiluminescent Substrates (PIERCE). For analysis of 
the same membrane, the membrane was stripped with the Restore™ Western blot 
Stripping Buffer (PIERCE) for 20minutes at room temperature and washed 3 times in 




2.14 DNA manipulation and Gateway cloning 
2.14.1 Escherichia. coli culture and transformation  
E. coli strain XL1-Blue was used as host strain for all DNA plasmids amplifications. 
Standard LB liquid medium was used to culture bacteria at 37°C with vigorous shaking 
(250 rpm) and LB solid medium were prepared with LB liquid medium supplemented 
with 1.5% Bacto®- agar and either 50ng/ml of Kanamycin or 100ng/ml of Ampicillin. All 
transformation was carried out using heat shock. Corresponding plasmid was added to 
heat shock competent cell and incubated on ice for 15 minutes; followed by heat-shock 
at 42°C,45 seconds and  chilled on ice for another 2 min and followed by recovery at 
37°C, 1 h with 250 μl of fresh LB medium with vigorous shaking. Next, the transformants 
were plated onto selective LB plates and incubated at 37°C overnight. 
2.14.2 Polymerase Chain Reaction and DNA sequencing.  
All Polymerase Chain Reaction (PCR) reactions were carried out using the Expand High 
Fidelity PCR System (Roche) with Gstorm 4822 Thermal Cycler (Research Instruments).  
The following thermal profile was used for standard PCR reactions:  94°C, 5 min; [94°C, 
30 sec; 55°C, 30 sec; 65°C, 1 min/kb], 30 cycles; 72°C, 10min.  
For plasmid DNA sequencing,  100ng of DNA template was mixed with 1μl  forward or 
reverse sequencing primer (20 ng/μl) and 8 μl of BigDye terminator reaction mixture 
(ABI PRISM TM Dye terminator Cycle Sequencing Ready Reaction Kit) and topped up 
with ddH2O to a final volume of 20 μl. Sequencing PCR parameters were as follows: 
[96°C, 10 sec, 50°C, 5 sec, 60°C, 1 min 30 sec], 25 cycles. The reaction product was 
applied to the ABI PRISM 3100 automated sequencer (Applied Biosystems).  
39 
 
2.14.3 Gateway Cloning 
Generation of expression constructs for S2 cells or transgenic flies' micro injection were 
accomplished using Gateway cloning (Invitrogen). The gene or DNA of interest was first 
amplified with corresponding primers and cloned into pENTR/D-Topo vector, according 
to manufacturer’s recommendation. The primers used for cloning are listed below.  
Constructs 5’ - 3’ sequence 
pENTR- Cullin-1 CACCATGAACCGCTCCGGCAATTC 
GGCGAGATAACTATATGTGTC 














Table 2: List of primers used for Gateway cloning. 
Verification of clones with insert was carried out with colony PCR followed by 
purification with Qiagen Mini Extraction Kit and subsequently DNA sequencing. Next, in 
vitro recombination between the entry clone (containing the gene of interest) and a 
destination vector was carried out using Gateway® LR Clonase® II Enzyme mix 
(Invitrogen) to generate an expression clone. For transgenic flies' generation, the 
expression vectors were shipped to Bestgene Inc and a few transgenic lines were 
generated.  A table of expression vectors generated and its use in this study is as below. 
Constructs Properties Application 
pAMW-Cullin-1  Actin promoter, N-terminus Myc Tag S2 cells expression 
pAFW- Cullin-1  Actin promoter, N-terminus Flag Tag S2 cells expression 
pTMW-Cullin1-DN UAST promoter, N-terminus Myc tag Transgenic fly 
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pAMW-Cullin1-DN Actin promoter, N-terminus Myc Tag S2 cells expression 
pAFW-Cullin1-DN Actin promoter, N-terminus Flag Tag S2 cells expression 
pTRW-SkpA UAST promoter, N-terminus RFP Tag Transgenic fly 
pAMW-Slimb  Actin promoter, N-terminus Myc Tag S2 cells expression 
pAFW- Slimb Actin promoter, N-terminus Flag Tag S2 cells expression 
pAMW- SlimbΔWD40 Actin promoter, N-terminus Myc Tag S2 cells expression 
pAFW- SlimbΔWD40 Actin promoter, N-terminus Flag Tag S2 cells expression 
pAMW- Akt Actin promoter, N-terminus Myc Tag S2 cells expression 
Table 3: List of expression constructs generated in study  
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Chapter 3 Results 
3.1 Dendrite remodeling of ddaC neurons during metamorphosis 
 
During Drosophila melanogaster’s metamorphosis, massive changes occur to the 
architecture of the animal. The PNS undergoes extensive remodelling during this period 
of time, and ddaC neurons selectively prune away unwanted dendrites, while keeping 
the axon intact and cell viable. Figure 3A shows the schematic drawing of ddaC at 
various time points of metamorphosis, while Figure 3B-E shows the live snapshot images 
of ddaC at the same time points. At 0 h after puparium formation (APF) (Figure 3B), the 
dendrites are intact and attached to the soma (red arrowhead) and the dendrites 
displays a very elaborate morphology, typical of Class IV dendritic arborization (da) 
neuron (Grueber et al., 2002). As metamorphosis progresses, membrane of the ddaC 
dendrites starts to thin and blebs could be observed throughout the dendrite, indicative 
of a weaken dendrite branch. At 6 h APF (Figure 3C), severing of the proximal dendrite is 
evident (green arrowhead) while the distal dendrites remains largely intact. The severed 
dendrite branch eventually shows further thinning and beading occurs throughout the 
branch, at the same time the debris of the severed dendrites are presumably engulfed 
by phagocytes through phagocytosis(Williams and Truman, 2005a). By 12 h APF (Figure 
3D), majority of the dendrites are cleared leaving behind numerous dendrite debris. At 
16 h APF (Figure 3E) all the dendrite debris has been removed; leaving behind the viable 
ddaC neuron with an intact axon. By 96 h APF, adult specific dendrites would regrow 





Figure 3: Dendrite remodeling of ddaC neurons during metamorphosis. (A) An 
illustration of dendrite pruning in ddaC neurons, neuron soma and axon are show in 
purple while dendrites are in black. (B-E) Live confocal images of ddaC neurons 
expressing UAS-mcd8-GFP driven by ppk-Gal4 at various time point of metamorphosis. 
Red arrowhead points to the soma of the neuron and green arrowhead points to the 
severed proximal dendritic branch. Scale bar is 50µm. 
3.2 RNAi screen for novel players in ddaC dendrite pruning 
 
In a bid to deepen our understanding of the mechanism of dendrite pruning, we 
embarked on an RNAi screen to uncover novel players involved in dendrite pruning. We 
capitalised on the highly efficient RNAi together with the binary (Gal4-UAS) expression 
system (Brand and Perrimon, 1993) to knockdown genes in ddaC neurons. Pickpocket-
Gal4 (ppk-Gal4) was used to drive the expression of both UAS-RNAi and UAS-mCD8-GFP 
to knockdown gene expression and at the same time to label the ddaC neuron. In order 
to screen for pruning defect at 16 h APF, white prepupae of the appropriate genotype 
was picked and allowed to age in a humidified chamber until 16 h APF. The pupae case 
was then dissected and removed, and the pupal was staged for live confocal imaging to 
visualise the ddaC neurons.  
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A total of 315 RNAi lines were randomly selected and screened. Amongst them, 
expression of 11 RNAi lines resulted in pruning defect in the ddaC neurons at 16 h APF 
and 70 lines resulted in varying level of clearance defect in ddaC neurons at 16 h APF 
(Table 4). This demonstrated the functionality and efficiency of the methodology we 
used in our RNAi screen, which could potentially be transferred to another system or 
biological process to identify novel players.   
RNAi Stock Number CG Synonyms Phenotype 
105291 CG4153 eIF2Beta No 
105359 CG9042 GAPDH No 
107012 CG8264 Bx42 Pruning defect 
108443 CG9770 Pink No 
100728 CG3209   No 
106688 CG5193 TFIIB No 
105354 CG2925 U2 No 
100738 CG3988 gSNAP No 
101952 CG11750   No 
100655 CG8465 lethal (1) g0222 No 
108643 CG7128 Taf8 No 
106308 CG2827 Tal Slight clearance defect 
100503 CG15614   No 
105306 CG13928   No 
105351 CG8293 IAP No 
108558 CG1877  Lin19, Cullin-1 Pruning defect 
106254 CG6453   Slight clearance defect 
101309 CG5041 Tfb4 No 
105746 CG10699 Lim3 No 
106056 CG17559 Dnt No 
106042 CG6369 SMG6 No 
106086 CG3929 Deltex Slight clearance defect 
106063 CG11494 BTB protein VII No 
106200 CG3051 AMPK Pruning Defect 
106126 CG7430   No 
106881 CG14286   No 
106887 CG6305 Cuticular protein 50Cb No 
107209 CG7010 pyruvate dehydrogenase Slight clearance defect 
106761 CG9195 Scamp No 
107840 CG32775 Gic At-1 No 
107227 CG7175   No 
108224 CG1298   No 
108208 CG4063 Ebi No 
108342 CG3800 anon-fast evolving 1B4 No 
108302 CG5861 anon 35Fa No 
7174 CG4200 P145 Slight clearance defect 
30389 CG17342 Lk6 Slight clearance defect 
51480 CG12154 Orthodenticle No 
102405 CG10016 Drumstick No 
102819 CG4658   Slight clearance defect 
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103276 CG2064 BcDNA:SD07613 No 
103319 CG8634 Cuticular protein 65Ec No 
103371 CG2976 farnesyl transferase alpha Slight clearance defect 
103387 CG6292 Cyclin T1 Slight clearance defect 
103390 CG7057 AP-50 Slight clearance defect 
103393 CG3193 N5 Slight clearance defect 
103557 CG6177 ldlCp No 
103926 CG5546 MED19 Clearance defect 
103962 CG3722 de-Cadherin No 
104013 CG3322 laminin gamma1 No 
104470 CG7111 Receptor for Activated C Kinase 1 No 
105156 CG9330   No 
106475 CG7903 cg7903 No 
25787 CG33526 PNUTS-RB No 
40577 CG5072 cdk4 Slight clearance defect 
100245 CG2714 Crm No 
100285 CG32067   No 
100292 CG7056   Clearance defect 
100301 CG1650 Gbx No 
100305 CG2102 Cas No 
101379 CG18803 Dpresenilin No 
101400 CG5484   No 
101764 CG10036   No 
102468 CG14974   No 
102635 CG13248   Slight clearance defect 
104494 CG6359   No 
105126 CG7034 Sec15 No 
105838 CG4236 caf1 No 
106143 CG12404   No 
106174 CG12072 Lats No 
107275 CG31753 Ham No 
10420 CG10278 GATAe No 
15735 CG16899 Dmcg16899 No 
25807 CG31702   No 
50003 CG3956 br28 No 
100106 CG4930 BG:DS07473.2 No 
100212 CG10694   Slight clearance defect 
100251 CG15757   Slight clearance defect 
100273 CG3385 Nervy No 
100387 CG10494   No 
101728 CG1584 DmORC6 No 
101871 CG6272  No 
106056 CG17559 Doughnut Clearance defect 
105764 CG12154 Otx No 
105776 CG9609   No 
106119 CG17603 dTAF No 
106184 CG11526   No 
106191 CG3776 DmP29 Slight clearance defect 
106452 CG13887   No 
108281 CG7860   No 
108285 CG15618   No 
108287 CG32211 dTAF Slight clearance defect 
108290 CG4996   No 
108291 CG12428   Slight clearance defect 
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108298 CG13876   No 
108323 CG32250  Slight clearance defect 
108325 CG1600   No 
108341 CG4775 l(2)k00619 No 
108549 CG11975 PROPPIN-3 Clearance defect 
108782 CG2196   No 
100697 CG12101 Hsp60 No 
100705 CG8031   No 
100727 CG8715 Lig No 
102006 CG7187   No 
104716 CG3019 DmSWAP No 
108301 CG9493 PTPD1 
Pez 
No 
108584 CG9153   No 
101990 CG12000   Strong Pruning defect 
104562 CG9946 eIF-2 a Slight clearance defect 
107520 CG11791   Slight clearance defect 
15735 CG16899 Dmcg16899 No 
19110 CG18619   No 
37091 CG2956 Twist No 
100096 CG3905 SU(Z)2 No 
106671 CG2904   No 
106759 CG17903 cyt-c2 No 
107075 CG7993   No 
108101 CG11804 ced-6 No 
108228 CG32662   No 
108269 CG15678   No 
108289 CG1911 CAP-D2 No 
108294 CG6718   No 
108595 CG7671   No 
108664 CG7550   No 
106183 CG18473 CG8125 Slight clearance defect 
106224 CG2617 38E.2 Slight clearance defect 
106665 CG9078 DES-1 Strong pruning defect 
108097 CG16908   Slight clearance defect 
108100 CG3314 Surf-3 Clearance defect  
100716 CG32171   No 
105756 CG32632   No 
105774 CG17950 HMG-D100 No 
107940 CG3388 Gooseberry distal No 
108328 CG18476 CG17822 No 
108545 CG7067 Nitrilase and fragile histidine triad fusion 
protein 
No 
108654 CG3756   No 
108720 CG6583   No 
106122 CG31999 CG10323 Slight clearance defect 
106885 CG5079   Pruning defect 
108127 CG17894 Cap and collar Pruning defect 
108305 CG5235   Clearance defect 
108309 CG2746 RpL19 Pruning Defect 
108580 CG7483 DmRH28 Pruning defect 
108635 CG10069   Slight clearance defect 
108780 CG5969   Slight clearance defect 
30538 CG11641 pou domain motif 3 No 
30586 CG3886 Psc No 
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41084 CG3658 Cdc45 No 
45513 CG9930 E5 No 
50292 CG14283 tom thumb No 
104323 CG3736 Okr No 
106103 CG9610 Poxm No 
108122 CG8651 Trithorax No 
109787 CG12605 anon-WO0140519.93 No 
109868 CG12605 anon-WO0140519.93 No 
26888 CG7771 Schm Slight clearance defect 
30625 CG10223 topoi Slight clearance defect 
39529 CG17743 Pleohomeotic Slight clearance defect 
106684 CG31212 Ino80 Slight clearance defect 
106701 CG4013 E52 Clearance defect 
107860 CG17836   Clearance defect 
109795 CG12605   Slight clearance defect 
109821 CG12605   Slight clearance defect 
10735 CG11987 paired-like 7 No 
20705 CG3658   No 
27341 CG10955 Rtf1 
dRtf1 
No 
29874 CG34346   No 
29874 CG34346   No 
49042 CG9102 Bab2 No 
107251 CG10949 38C.46 No 
107253 CG15398   No 
107343 CG11049 Cat No 
108130 CG1048 Zen2 No 
30537 CG11641 pdm3 Slight clearance defect 
100630 CG17117 Homothorax Slight clearance defect 
107332 CG4337 mtSSB Slight clearance defect 
32470 CG18600   Slight clearance defect 
106783 CG17100   No 
108094 CG17611   Pruning defect 
26180 CG3371 EP3592 No 
31782 CG13399 Mary No 
32471 CG18600   No 
101875 CG12147 CKIa-like No 
103793 CG9351 Falafel No 
106047 CG5170 Drosophila Dodeca-Statelite binding protein 1 No 
107194 CG5893 Sox70 No 
107292 CG5583 Ets No 
109312 CG12605   No 
106767 CG1775 Medea Pruning defect 
12692 CG9310 dHNF4 Slight clearance defect 
43960 CG13310   Slight clearance defect 
46325 CG8366   Slight clearance defect 
107324 CG9895   Slight clearance defect 
108381 CG10318 dNC2 No 
15549 CG1429 Mef2 No 
20051 CG11560   No 
15679 CG5899   No 
37641 CG8522 SREBP No 
50291 CG14283 Tmd No 
100259 CG8933 DM-EXD No 
100395 CG8573 su(hw) No 
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100595 CG10685 Cg No 
100647 CG3796 990 E5 F1 No 
100779 CG3052 HLH4C No 
106704 CG15514   No 
106783 CG17100 AAF24476.1 
GM05287 
No 
107334 CG7937 Cll No 
107845 CG3491   No 
107893 CG10704 Toe No 
108384 CG9193 mutagen sensitive 209 No 
108399 CG8127 Eip75B No 
109195 CG12605   No 
110086 CG12605   No 
31781 CG13399 Mary Slight clearance defect 
100451 CG3509   Slight clearance defect 
100579 CG5403 Retain Clearance defect 
100762 CG11502 ck16 Slight clearance defect 
103716 CG4088 ORC3 Slight clearance defect 
103755 CG1925 mutagen sensitve 205 Clearance defect 
107893 CG10704 Toe Slight clearance defect 
109756 CG12605 anon-WO0140519.93 Slight clearance defect 
1112 CG3936 Swb No 
20051 CG11560   No 
47794 CG9930 E5 No 
51476 CG1793 Med26 No 
100484 CG8474 Meics No 
100574 CG34145   No 
100862 CG1132 FD2 No 
103965 CG5005 bHLH54F No 
104386 CG11121 So No 
106155 CG10325 Abda No 
106181 CG8704 Deadpan No 
15732 CG16899 Dmcg16899 Slight clearance defect 
37753 CG11849 Dan Slight clearance defect 
100428 CG11008   Slight clearance defect 
100811 CG18412 Ph Slight clearance defect 
101531 CG1133 Odd paired Slight clearance defect 
5690 CG14941 Esc No 
7791 CG1897 msh-1 No 
10480 CG9571 Dmcg9571 No 
10818 CG3169 SPT3 No 
11219 CG3284 Poll No 
12618 CG6258 Rfc38 No 
12620 CG6258 DNA replication factor No 
15318 CG11182 PHDP No 
22540 CG7239   No 
46522 CG10667 orc1 No 
49786 CG33807 His1 No 
50589 CG31865 Ada1 No 
100529 CG18468 Lethal hybrid rescue No 
100683 CG33097 CG15187 No 
100813 CG8068 Dpias No 
101531 CG1133 odd paired No 
103016 CG8396 p11 No 
103734 CG11132 DMA No 
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13625 CG10489 pole2 Slight clearance defect 
37110 CG18801 Ku80 Slight clearance defect 
100688 CG32190 nucb1 slight pruning defect 
103001 CG33336 Prac Slight clearance defect 
6282 CG6755 EloA No 
10416 CG6312 dFRX No 
10937 CG11397 DMsmc4 No 
11211 CG9633 RPA No 
12654 CG17358 Taf22 No 
14572 CG32772   No 
15550 CG1429 Dmef2 No 
15727 CG32601 CG9404 No 
36504 CG3136 ATF6 No 
37752 CG11849 Dan No 
37823 CG10388 Ubx No 
43528 CG12267   No 
46521 CG10667 ORC No 
49322 CG32601 CG9404 No 
50554 CG10890 mutagen sensitive 201 No 
50555 CG10890 DmXPG No 
5687 CG11387 Cut No 
6969 CG18740 Mor No 
8943 CG9102 BtbII No 
11515 CG13651 Danr No 
12630 CG1414 tu2 No 
12663 CG6824 Svb No 
12772 CG17921 Hmgz No 
15727 CG32601 CG9404 No 
15876 CG11607 H2.0 No 
25897 CG31865 Ada1 No 
33909 CG9019 Dsf No 
37581 CG4033 RP135 No 
37658 CG2939 FD7 No 
48042 CG8924   No 
100907 CG11254 Mael No 
102090 CG13329 CenH3 No 
102098 CG15696   No 
103597 CG3497 FTZ-F2 No 
104361 CG7055 BapIII No 
102196 CG33473 KLF Clearance defect 
103803 CG8725 CSN4 Slight clearance defect 
12722 CG4654 dDP1 No 
12759 CG6854   No 
37657 CG2939 Sloppy paired No 
51002 CG31865 Ada-1 No 
101271 CG8388   No 
101934 CG17835 Er No 
101980 CG1856   No 
101981 CG3935 AL No 
102010 CG13628 RPB10 No 
102013 CG7380 Baf No 
103619 CG7538 MCM2 No 
103718 CG3710 DmS-II No 
103810 CG5147   No 
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104328 CG17592 Usf No 
104691 CG3839 ascT3 No 
107477 CG8409 Hp1 No 
100990 CG1071 dE2F-2 Slight clearance defect 
101085 CG12630 Tio Slight clearance defect 
37825 CG10388 Pbx Slight clearance defect 
Table 4: List of RNAi used in the genetic screen and the observed phenotype at 16 h APF 
3.3 A Cullin-1 based E3 ligase is required for dendrite pruning in 
Class IV ddaC neuron.  
 
Amongst the RNAi screened, one candidate gene stood out strikingly from the rest. The 
identified gene is cullin-1, a key scaffold protein of archetype modular E3 ligase complex, 
the Cullin-1 based SCF complex. While other studies had implicated the ubiquitin 
proteasome system in dendrite pruning, the E3 ligase which confers substrate specificity 
has yet to been defined. Hence it is of particular interest for us to investigate Cullin-1 
and its role in stereotyped neuronal pruning.   
3.3.1 A Cullin-1 based E3 ligase is required cell-autonomously for dendrite 
pruning in Class IV ddaC neuron 
 
While 100% of wild type ddaC neurons pruned their dendrite by 16 h APF (n=15, Figure 
4A’ and 4H), knockdown of Cullin-1 via one copy of ppk-Gal4 to express  cul1 RNAi #1 led 
to pruning defect in 60% of the neurons (n=25; Figure 4B’ and 4H). To exclude the 
possibility of a false positive phenotype due to RNAi off target effect,  Cullin-1 was 
knocked down via another independent RNAi, expression of cul1 RNAi #2  using one 
copy of ppk-Gal4 resulted in 100% pruning defect in ddaC neurons at 16 h APF(n=17; 
Figure 4C’ and 4H).  The expression of cul1 RNAi #2 using two copies of ppk-Gal4 
enhanced the pruning defect, leading to approximately 10.2 primary and secondary 
dendrites left attached to the soma at 16 h APF (100%, n=21;  Figure 4D’ and 4H). Cullin-
1 acts as a scaffold protein to facilitate the formation of a functional E3 ligase complex. 
Ring domain protein (Roc1-Rbx1-Hrt1) binds and interacts with Cullin-1 on its C-terminal 
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while adaptor protein (Skp1/SkpA) binds and interacts with Cullin-1 on its N-terminal. To 
further demonstrate the requirement of Cullin-1 in dendrite pruning, transgenic flies 
expressing the dominant-negative form of Cullin-1 (Cul1DN), which lacks its putative C-
terminal neddylation site and Roc1-binding domain were generated. The expression of 
Cul1DN in ddaC neurons resulted in pruning defect in all the neurons examined, with an 
average of 4.5 primary and secondary dendrites (n=20; Figure 4E’ and 4H).  To ascertain 
the cell autonomous role of Cullin-1 in dendrite pruning, we generated homozygous 
MARCM clones (Lee and Luo, 2001) for cul1EX, a reported null allele (Ou et al., 2002). All 
cul1EX MARCM clones displayed severe pruning defect with an average of 15.8 primary 
and secondary dendrites attached to the soma at 16 h APF (n=10; Figure 4F’ and 4H). 
The pruning defect can be fully rescued by the expression of Cul1 protein in the MARCM 
mutant background (n=8; Figure 4G’ and 4H), further demonstrating the specificity of 




Figure 4: A Cullin-1 based E3 ligase is required cell autonomously for dendrite pruning 
in Class IV ddaC neuron. (B-G’) Live confocal images of ddaC neurons expressing UAS-
mCD8-GFP driven by ppk-Gal4 at WP and 16 h APF. Red arrowheads point to ddaC soma 
while purple arrowheads point to ddaF soma that is sometimes labelled by ppk-Gal4. 
Wild type ddaC neurons pruned their dendrites by 16 h APF (A, A’). ddaC expressing a 
copy of cul1 RNAi #1 (B, B’), a copy of cul1 RNAi #2(C, C’), two copies of cul1 RNAi #2(D, 
D’) three copies of cul1DN (E, E’) or cul1EX MARCM (F, F’) ddaC clones displayed pruning 
defect at 16 h APF while maintaining similar white prepupae morphology to wild type 
control. Overexpression of Cul1 protein in cul1EX MARCM ddaC clones fully rescued the 
pruning defects (G, G’). (H) Quantification of the average number of primary and 
secondary dendrites attached to the soma at WP and 16 h APF. Number in the bars 
shows the number of samples (n).  Error bars represent S.E.M. *** p<0.001, n.s. not 
significant. Dorsal is up in all images. Scale bar is 50 µm 
 
3.3.2 Post-translational modification, Neddylation, is required for dendrite 
pruning in Class IV ddaC neuron. 
 
Neddylation, the process of conjugating an ubiquitin-like polypeptide , Nedd8, to the 
conserved lysine residues of cullin family of protein, is essential for in vivo cullin based 
E3 ligase activity (Wu et al., 2005, Ou et al., 2002).  To investigate if neddylation is also 
required for dendrite pruning, MARCM analysis was carried for nedd8AN015, a null allele. 
Consistently, all nedd8AN015 homozygous MARCM ddaC clones exhibited pruning defect, 
with an average of 4.3 primary and secondary dendrites attached to the soma at 16 h 
APF (n=18; Figure 5B and 5C) . Thus supporting the notion that the neddylation and 





Figure 5: Post-translational modification, Neddylation, is required for dendrite pruning 
in Class IV ddaC neuron. (A and B) Live confocal images of ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at WP and 16 h APF. Red arrowheads point to ddaC 
soma. Unlikely wild type ddaC neurons, nedd8AN015 MARCM (A, B) ddaC clones exhibited 
pruning defect at 16 h APF. (C) Quantification of the average number of primary and 
secondary dendrites attached to the soma at WP and 16 h APF. Number in the bars 
shows the number of samples (n).  Error bars represent S.E.M. Dorsal is up in all images. 
Scale bar is 50µm 
3.4 A Cullin-1 based SCF E3 ligase comprising of Roc1a, SkpA and 
Slimb is required for dendrite arborization neurons remodeling.  
 
A functional Cullin-1 based SCF E3 ligase comprises of the main scaffold protein Cullin-1 
and attached to it are the adaptor protein, substrate recognition protein and also the 
linker protein. Since Cullin-1 is required for dendrite pruning, we went on to investigate 
if other subunits of the modular E3 ligase complex are also required for pruning and 
remodeling of other classes of neurons.  
3.4.1 RING domain protein, Roc1a but not Roc1b, is required for dendrite 
pruning in Class IV ddaC neuron 
 
The Cullin protein binds to RING domain protein Roc-Rbx-Hrt on its C-terminus. The 
RING domain protein otherwise known as the linker protein is required to recruit the 
ubiquitin conjugating enzyme E2 in close proximity to the substrate (Deshaies, 1999). 
Drosophila ring domain protein Roc1a and Roc1b are functionally distinct and play 
different role during development (Donaldson et al., 2004, Noureddine et al., 2002). We 
went on to investigate if either Roc1a or Roc1b is required for dendrite pruning.  
Interestingly, Roc1a is required for ddaC dendrite pruning while Roc1b activity is 
dispensable. While all wild type ddaC completely pruned their dendrite by 16 h APF 
(n=15; Figure 6A’ and 6H), expression of roc1a RNAi #1 with 1 copy of ppk-Gal4 resulted 
in 54.5% pruning defect (n=22; Figure 6B’ and 6H) and expression of roc1a RNAi #2 with 
2 copies of ppk-Gal4 resulted in 100% pruning defect (n=24; Figure 6C’ and 6H). 
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Importantly, MARCM analysis of roc1aG1 (Noureddine et al., 2002), a null allele, revealed 
a severe pruning defect much like cul1EX MARCM. While roc1aG1 homozygous MARCM 
clones has about 10.3 primary and secondary dendrites left attached to soma at 16 h 
APF (n=9; Figure 6D’ and 6H), homozygous mutant of roc1bDC3 did not show any pruning 
defect  at 16 h APF (n=9; Figure 6E’ and 6H) . Coherent with the preferred binding of 
Roc1b with Cullin-3 (Donaldson et al., 2004), null allele cul3GFT2 homozygous MARCM 
ddaC clones did not display any pruning defect at 16 h APF (n=14; Figure 6F’ and 6H).   
 
Figure 6: RING domain protein, Roc1a but not Roc1b, is required for dendrite pruning 
in Class IV ddaC neuron (A-G’) Live confocal images of ddaC neurons expressing UAS-
mCD8-GFP driven by ppk-Gal4 at WP and 16 h APF. Red arrowheads point to ddaC soma 
while purple arrowheads point to ddaF somas that are sometimes labelled by ppk-Gal4. 
Wild type ddaC neurons pruned their dendrites by 16 h APF (A’, H). ddaC neurons 
expressing a copy of roc1a RNAI #1 (B’ and H), two copies of roc1a RNAi #2 (C’ and H) 
and roc1aG1 ddaC MARCM clones (D’ and H) exhibited pruning defect at 16 h APF. 
roc1bDC3 homozygous mutant (E’ and G), cul3gft2 (F’ and H) and cul4IIL (G’ and H) ddaC 
MARCM clones did not exhibit any pruning defect at 16 h APF. (H) Quantification of the 
average number of primary and secondary dendrites attached to the soma at WP and 16 
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h APF. Number in the bars shows the number of samples (n).  Error bars represent S.E.M. 
*** p<0.001, n.s. not significant. Dorsal is up in all images. Scale bar is 50µm 
3.4.2 SkpA, an adaptor protein and Slimb, an F-box protein are required for 
Class IV ddaC neuron dendrite pruning. 
 
Adaptor protein Skp1 binds to Cullin-1 on its N-terminal part, and attached to Skp1 is the 
F-box containing substrate recognition protein, which helps to recruit the substrate in 
close proximity to the E2 enzyme. We next examined if SkpA, the Drosophila homologue 
of Skp1, is also required for dendrite pruning. Interestingly, attenuation of SkpA with 3 
individual RNAi lines resulted in ddaC dendrite pruning defect at 16 h APF. Knockdown of 
SkpA via skpA RNAi #1, skpA RNAi #2 or skpA RNAi #3 led to an average of 3.2, 4.6 and 
3.2 primary and secondary dendrite left attached to the soma at 16 h APF respectively 
(n=16, 15 and 21 respectively, penetrance = 68%, 93% and 78% respectively; Figure 7B’, 
7C’, 7D’ and 7J). Consistently, knockdown of SkpA via 2 copies of skpA RNAi #2 resulted 
in full penetrance pruning defect at 16 h APF with an average severity of 6.9 primary and 
secondary dendrites attached to the soma (n=21; Figure 7E’ and 7J ). We attempted to 
generate MARCM clones for null allele, skpA1, but unfortunately we were unable to 
recover any clones, probably due to its critical role during cell division(Murphy, 2003). 
Nonetheless, it appears that SkpA, similar to its known interactor Cullin-1 and Roc1a is 
required to mediate ddaC dendrite pruning.  
F-box containing protein confers substrate specificity to the Cullin-1 based SCF E3 ligase. 
Hence we conducted a screen on the 31 putative F-box containing protein in Drosophila 
(Ho et al., 2006) to identify the F-box protein required for ddaC dendrite pruning. 
Amongst the 31 F-box protein screened, only the knockdown of Supernumerary limbs 
(Slimb), resulted in ddaC dendrite pruning defect. RNAi knockdown of Slimb using 2 
independent RNAi , slimb RNAi #1 and slimb RNAi #2 caused mild pruning defect, with an 
average of 1.4 and 1.2  primary and secondary dendrites left attached to the soma at 16 
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h APF respectively (n=32 and 12 respectively, penetrance= 37.5% and 66.6% 
respectively; Figure 7F’, 7G’ and 7J). To ascertain the cell autonomous requirement of 
Slimb in ddaC dendrite pruning, we generated homozygous MARCM clone of null allele, 
slimb8 (Miletich and Limbourg-Bouchon, 2000), which resulted in a stronger pruning 
defect. An average of 4.4 primary and secondary dendrites were left attached to slimb8 
ddaC MARCM clones at 16 h APF (n=16, 50%; Figure 7H’ and 7J). The pruning defect of 
slimb mutant is less severe compared to cullin-1, roc1a or skpA, probably due to the 
perdurance of the protein, or the existence of other F-box protein which is required for 
ddaC dendrite pruning and is yet to be identified. Thus on top of Cullin-1, Roc1a and 
SkpA, Slimb the substrate recognition protein of the Cullin-1 based SCF E3 ligase complex 




Figure 7: SkpA, an adaptor protein and Slimb, an F-box protein are required for Class IV 
ddaC neuron dendrite pruning. (A-I’) Live confocal images of ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at WP and 16 h APF. Red arrowheads point to ddaC 
soma while purple arrowheads point to ddaF somas that are sometimes labelled by ppk-
Gal4. Wild type ddaC neurons pruned their dendrites by 16 h APF (A’, J). ddaC neurons 
expressing a copy of skpA RNAi #1 (B’ and I), a copy of skpA RNAi #2 (C’ and J), a copy of 
skpA RNAI #3 (D’ and J),  two copies of skpA RNAi #2 (E’ and G), a copy of slimb RNAI #1 
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(F’ and J), a copy of slimb RNAi #2 (G’ and J), and slimb8 ddaC MARCM clones (H’ and J) 
exhibited pruning defect at 16 h APF. F-box containing protein, ago3 ddaC MARCM 
clones (I’ and J) did not exhibit pruning defect. (J) Quantification of the average number 
of primary and secondary dendrites attached to the soma at WP and 16 h APF. Number 
in the bars shows the number of samples (n).  Error bars represent S.E.M. *** p<0.001, 
n.s. not significant. Dorsal is up in all images. Scale bar is 50µm. 
3.4.3 Cullin-1 based SCF E3 ligase regulates dendrite pruning independently of 
initial ddaC neuron dendrite development 
 
While the results above suggest that Cullin-1 based SCF E3 ligase is required for dendrite 
pruning, there is a potential possibility that the pruning defect was secondary to a defect 
in initial ddaC neuron dendrite development. In order to rule out that possibility, we first 
examined whether initial dendrite growth is affected in Cullin-1 based SCF E3 ligase 
mutant.  Compared to wild type control (Figure 8A), the number of terminal dendrites in 
ddaC neurons expressing cul1 RNAi #2 (Figure 8B), skpA RNAi #2 (Figure 8C) and roc1a 
RNAi #2 (Figure 8D) were not significantly different at wandering 3rd instar larvae stage 
(wL3), while expression of the RNAi still led to pruning defect at 16 h APF (Figure 4C’, 7C’ 
and 6C’).  
To further demonstrate that Cullin-1 based SCF E3 ligase regulates dendrite pruning 
independent on initial ddaC neuron dendrite development. Cul1DN was expressed in 
ddaC neurons after initial dendrites morphogenesis was completed using RU-486-
inducible Gene-Switch system (Osterwalder et al., 2001). RU-486 treatment did not 
affect initial white prepupae morphology in Cul1DN expressing ddaC neurons (n=12, 
Figure 8H) compared to control ddaC neurons (n=14, Figure 8F), at the same time, it did 
not result in pruning defect in control ddaC neurons at 16 h APF (n=35, Figure 8F’). 
However, ddaC dendrite pruning defect was consistently observed in 67% of RU-486 
induced Cul1DN expressing ddaC neurons (Figure 8H’). These data suggest that the 
observed ddaC dendrite pruning defect of Cullin-1 based SCF E3 ligase mutant was not 




Figure 8: Cullin-1 based SCF E3 ligase regulates dendrite pruning independently of 
initial ddaC neuron dendrite development. (A-D) Live confocal images of ddaC neurons 
expressing UAS-mCD8-GFP driven by ppk-Gal4 at wL3. Red arrowheads point to ddaC 
soma. wL3 dendrite morphology of ddaC neurons expressing cul1 RNAi #2 (B), skpA RNAi 
#2 (C) and roc1a RNAi #2 (D) are indifferent from wild type control (A). (E) Quantification 
of the average number of dendritic termini at wL3. Number in the bars shows the 
number of samples (n).  Error bars represent S.E.M. n.s. not significant. (F-H’) Live 
confocal images of ddaC neurons expressing ppk-CD4-tdTomato at WP and 16 h APF. 
Red arrowheads point to ddaC soma. Induction by RU486 did not affect white prepupae 
morphology of control (F) and Cul1DN expressing (H) ddaC neurons. Non-induction did 
not affect WP morphology (G) or result in pruning defect (G’) in Cul1DN ddaC neuron. 
Induction by RU486 resulted in pruning defect in Cul1DN expressing (H’) ddaC neurons 
but not in induced control (F’). Dorsal is up in all images. Scale bar is 50µm. 
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3.4.4 Cullin-1 based SCF E3 ligase is required for remodeling of Class I and 
Class III da neurons 
 
On top of ddaC neurons, other classes of da neurons also undergo remodeling during 
metamorphosis. Similar to Class IV da neurons, Class I da neurons, ddaD and ddaE 
undergo pruning to remove exuberant dendrites by 18 h APF (n=5, Figure 9A’). 
Consistent with the ddaC dendrite pruning defect phenotype observed in Cullin-1 based 
E3 ligase mutant, cul1EX (n=9, 100%; Figure 9B’), roc1aG1 (n=2, 100%; Figure 9C’), slimb8 
(n=8, 75%; Figure 9E’) and nedd8AN015 (n=3, 100%; Figure 9F’) ddaD/ddaE MARCM clones 
failed to eliminate their dendrites by 18 h APF. Since attempts to generate MARCM 
clones of skpA1 null allele were unsuccessful, we knocked down expression of SkpA in 
ddaD/ddaE neurons via Gal42-21 driver, which labels ddaE and ddaD. Attenuation of SkpA 
function in ddaD/ddaE neurons also resulted in pruning defect in all the neurons 
examined (n=13; Figure 9D’). 
Unlike Class I and IV da neurons, Class II (ddaA and B) and Class III (ddaF) da neuron 
undergo apoptosis by 16 h APF (n=5; Figure 9G’). Consistent with the notion that Cullin-1 
based SCF E3 ligase is required for remodeling of all da neurons, cul1EX (n=4, 100%; 
Figure 9H’), roc1aG1 (n=6; 100%, Figure 9I’), slimb8 (n=6, 50%; Figure 9J’) and nedd8AN015 
(n=4, 100%;Figure 9K’) ddaF  MARCM clones failed to undergo apoptosis by 16 h APF. To 
investigate if SkpA is also required for ddaF apoptosis, skpA RNAi #3 was over expressed 
via Gal4 109(2)80, which labels all da neurons. While only pruned ddaD, ddaE and ddaC can 
be observed at 16 h APF in wild type condition (n=12; Figure 9L), ddaF neurons failed to 
undergo apoptosis in neurons knocked down of SkpA (n=15; Figure 9M). Taken together, 
these data suggest that the Cullin-1 based SCF E3 ligase is required for remodeling of all 




Figure 9: Cullin-1 based SCF E3 ligase is required for remodeling of Class I and Class III 
da neurons. (A-M) Live confocal images of da neurons expressing UAS-mCD8-GFP driven 
by Elav-Gal4, Gal42-21 or Gal4 109(2)80 at WP, 16 h or 18 h APF. Blue arrowhead point to 
ddaD/ddaE soma, purple arrowhead point to ddaF soma, red arrowhead point to ddaC 
soma. While wild type ddaD/ddaE neuron pruned their dendrites by 18 h APF (A, A’),  
cul1EX  MARCM (B, B’), roc1aG1 MARCM (C, C’), skpA RNAI #3 expressing (D, D’), slimb8 
MARCM(E, E’) and nedd8AN015 MARCM (F, F’) ddaD/ddaE neurons failed to prune their 
dendrite by 18 h APF. While wild type ddaF neuron undergoes apoptosis by 16 h APF (G, 
G’, L),  cul1EX  MARCM (H, H’), roc1aG1 MARCM (I, I’), slimb8 MARCM(J, J’) , nedd8AN015 
MARCM (K, K’)  and skpA RNAI #3 expressing (M) ddaF neurons survived till 16 h APF. 
Dorsal is up in all images. Scale bar is 50µm. 
3.4.5 Cullin-1, Roc1a, SkpA and Slimb form a protein complex in vitro and in 
vivo.  
 
The above genetic studies have identified four components namely, Cullin-1, Roc1a, 
SkpA, Slimb and a post translational modification, neddylation which are essential for 
proper ddaC neuron dendrite pruning. Physical association of the components is 
essential for the formation of a functional E3 ligase, hence we investigated if the 
components associate with each other.  
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Previous study has demonstrated that CREB binding protein (CBP) binds to EcR-B1 
receptor in an ecdysone dependent manner to mediate ddaC dendrite pruning (Kirilly et 
al., 2011). To this end, we carried out co-immunoprecipitation in ecdysone treated S2 
cells transfected with Myc-Slimb. Regardless of ecdysone treatment, when Myc antibody 
was used to immunoprecipitate Slimb, Slimb binds to endogenous Cullin-1 which are 
either neddylated or non-neddylated. At the same time, endogenous SkpA was co-
immunoprecipitated with Slimb (Figure 10A). Thus, these data suggest that unlike CBP 
and EcR-B1 interaction, Cullin-1, SkpA and Slimb form a complex independently of 
ecdysone presence. Endogenous Roc1a protein is low in abundance; hence S2 cells were 
co-transfected with Flag-Roc1a and Myc-Slimb to examine the presence of Roc1a in the 
E3 complex. Consistent with the report that Roc1a preferentially binds to Cullin-1 in 
embryo (Donaldson et al., 2004), Roc1a co-immunoprecipitated with endogenous Cullin-
1 and SkpA when Myc-slimb was pulled down (Figure 10B). Lastly, in order to 
demonstrate the association of the molecules in vivo, co-immunoprecipitation was 
carried out using larval brain extract over-expressing Myc-Slimb. Consistent with the in 
vitro data, endogenous Cullin-1 and SkpA co-immunoprecipitated with Myc-Slimb, 






Figure 10: Cullin-1, Roc1a, SkpA and Slimb form a protein complex in vitro and in vivo. 
(A) Endogenous SkpA and Cullin-1 forms a complex with Slimb independent on ecdysone 
presence. S2 cells transfected with Myc-Slimb was either treated (+) or non-treated (-) 
with ecdysone. * labels the endogenous neddylated Cullin-1 while ** labels the 
endogenous non-neddylated Cullin-1. (B) Roc1a, Slimb, Cullin-1 and SkpA associates in a 
complex in S2 cells co-transfected with Myc-Slimb and Flag-Roc1a. (C) In vivo association 
of Cullin-1, SkpA and Slimb. Endogenous Cullin-1 and SkpA co-immunoprecipitated with 
Myc-Slimb in protein extract from wandering 3rd instar larvae.  
3.5 Cullin-1 based SCF E3 ligase components are required for 
dendrite and axon pruning in MB ϒ neurons. 
 
In Drosophila melanogaster, other than dendrites of the ddaC neurons, axons and 
dendrites of MB ϒ neuron also undergoes stereotyped developmental pruning. During 
development, each MB ϒ neuron extends and bifurcate its axon into both the dorsal and 
medial lobe of the brain. In wild type, MB ϒ neuron selectively eliminates these larval 
axon projections by 24 h APF (n=5; Figure 11A, Figure 11B and 11B’) and only the medial 
projection regenerates during adulthood (n=6; Figure 11A and 11J). We next examined if 
Cullin-1 based SCF E3 ligase is also important for MB ϒ neuron axon pruning. 
Interestingly, despite having normal larval axon projection (n=5, Figure 11C), 
homozygous cul1EX MB ϒ neuron clones exhibited severe axon pruning defect. Many of 
the larval axons which were labeled by 201Y-Gal4 driven mCD8-GFP expression 
remained intact at 24 h APF (n=19, 100%; Figure 11C’). The unpruned axons are labelled 
by FasII and located outside the major FasII positive α/β lobes at 24 h APF (arrowheads 
63 
 
in the right panel of Figure 11C’). The pruning phenotype can be fully rescued by the re-
introduction of Cullin-1 (n=5; Figure 11D’). Examination of cul1EX MB ϒ neuron clones at 
the adult stage revealed that the pruning defect persist into the adult stage (n=5, 100%; 
Figure 11K), at the same time, defect in neuroblast proliferation was evident as the adult 
MB ϒ neuron clones lacked late born α/β neurons which are labeled by 201Y-Gal4 driven 
mCD8GFP and located in the major FasII-positive lobe.  
Similar to cul1EX MB ϒ neuron MARCM clones, roc1aG1 MB ϒ neuron MARCM clones also 
exhibited axon pruning defect at 24 h APF (n=13, 62%; Figure 11E’), which can be fully 
rescued by the expression of Roc1a in roc1aG1 mutant clones (n=11; Figure 11F’). 
Consistent with the requirement of  Cullin-1 based SCF E3 ligase in MB ϒ neuron axon 
pruning, skpA1 and slimb2 MB ϒ neuron MARCM clones were unable to prune their axons 
by 24 h APF (n=8 and 14, 100% and 74%; Figure 11G’ and 11H’ respectively). In addition 
to pruning of the axons, MB ϒ neuron also prune their dendrites during metamorphosis 
(Figure 11L and 11L’), interestingly, a close examination of cul1EX and skpA1 MB ϒ neuron 
MARCM revealed a strong dendrite pruning defect in all the clones examined (n=9 and 4 
respectively; Figure 11M-11M’ and Figure 11N-11N'). All in all, the genetics and 
biochemical data indicates that Cullin-1, Roc1a, SkpA and Slimb governs stereotyped 
neuronal remodeling, in particular ddaC dendrite pruning as well as  MB ϒ neuron 




Figure 11: Cullin-1 based SCF E3 ligase components are required for dendrite and axon 
pruning in MB ϒ neurons. (A) An illustration of MB ϒ neuron axon pruning in the CNS. (B-
65 
 
N’) Confocal images of MB neurons expressing UAS-mCD8-GFP driven by 201Y-Gal4 at 
wL3, 24 h APF or adulthood. Post mitotic MB ϒ neurons and a small subset of late born 
α/β neurons are labelled by 201Y-Gal4. Anti-FasII (1D4) antibody labels α/β neurons 
strongly and ϒ neurons weakly. (B) Wild type MB ϒ neurons projects axons into the 
dorsal and medial lobe of the brain at wL3. cul1EX(C), cul1EX rescue (D), roc1aG1(E), 
roc1aG1 rescue (F), skpA1(G) and slimb2 (H) MB ϒ neurons MARCM clones projects  
normally into the dorsal and medial lobe of the brain at wL3 but display proliferation 
defect, as the axon branches are less dense than control. (B’) Wild type MB ϒ pruned 
their dorsal and medial axon branches by 24 h APF. cul1EX (C’), roc1aG1 (E’), skpA1 (G’) and 
slimb2 (H’) MB ϒ neurons MARCM clones display notable axon pruning defect at 24 h 
APF. Expression of Cullin-1 protein in cul1EX (C’) or Roc1a protein in roc1aG1 (F’) MB ϒ 
neurons MARCM clones can fully rescue the pruning defect at 24 h APF. The right panel 
in (C’, E’, G’ and H’) show unpruned dorsal ϒ axons that are outside the main α lobe and 
were co-labeled by GFP and FasII (white arrowheads) in a single confocal section of the 
dorsal lobe. (J) MB ϒ neuron medial projecting axon but not dorsal projecting axon re-
grows by adulthood. Blue arrowheads point to the lateborn α branch. (K) cul1EX MB ϒ 
neurons MARCM clones retained several unpruned larval axon even in adulthood. 
However late born α branches are absent in the FasII positive α lobe, indicative of a 
proliferation defect. (L and L’) Wild type MB ϒ neuron prunes both their axon and 
dendrite by 24 h APF. cul1EX (M and M’) and skpA1 (N and N’) MB ϒ neuron clones fail to 
prune both axons and dendrites by 24 h APF.  
3.6 Cullin-1 based SCF E3 ligase regulates dendrite pruning 
downstream of EcR-B1 and Sox14 but in parallel to Mical.  
 
Central to dendrite pruning, Ecdysone receptor-B1 (EcR-B1) induces the expression of 
transcription factor, Sox14, which in turn regulates the expression of Mical, a 
cytoskeletal protein to control dendrite pruning (Kirilly et al., 2009). Hence, it is of 
particular interest to investigate how, if any, the Cullin-1 based SCF E3 ligase integrates 
into the central pathway.  
3.6.1 Cullin-1 based SCF E3 ligase does not affect EcR-B1 and Sox14 expression. 
 
We first examined the expression of EcR-B1 and Sox14 in various Cullin-1 based SCF E3 
ligase mutants. As evident by the immunostaining and quantification, cul1EX ddaC 
MARCM clones did not show any altered expression of EcR-B1 (n=8; Figure 12B and 12K) 
compared to wild type control EcR-B1 (n=14, Figure 12A and 12K). Consistently, 
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knockdown of SkpA via skpA RNAi #3 (n=16; Figure 12C and 12K), slimb8 ddaC MARCM 
clones (n=5, Figure 12D and 12K) and nedd8AN015 ddaC MARCM clones (n=5; Figure 12E 
and 12K) did not result in any changes in EcR-B1 expression at white prepupae stage.  
Downstream of EcR-B1 is a transcription factor Sox14 which is also required for dendrite 
pruning, interestingly Sox14 expression was also not changed in either cul1EX ddaC 
MARCM clones (n=6; Figure 12G and 12L) , knockdown of SkpA via skpA RNAi #3 ddaC 
neurons (n=14; Figure 12H and 12L), slimb8 ddaC MARCM clones (n=8, Figure 12I and 
12L), nedd8AN015 ddaC MARCM clones (n=3; Figure 12J and 12L) and roc1aG1 ddaC 
MARCM clones (n=3, Figure 12L). These findings indicate that the Cullin-1 based SCF E3 
ligase complex is dispensable for EcR-B1 and Sox14 expression and is likely downstream 
or works in parallel to Sox14 to regulate pruning.  
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Figure 12: Cullin-1 based SCF E3 ligase does not affect EcR-B1 and Sox14 expression. (A-
J) Confocal images show EcR-B1 (A- E) and Sox14 (F- J) staining in red in various 
genotypes of ddaC neurons expressing UAS-mCD8-GFP drive by ppk-Gal4 at WP. ddaC 
somas are marked by white dashed lines. EcR-B1 expression is indifferent comparing 
wild type ddaC neurons (A), to cul1EX ddaC MARCM clones (B), skpA RNAi #3 expressing 
ddaC neurons (C), slimb8 ddaC MARCM clones (D) and nedd8AN015 ddaC MARCM clones 
(E). Sox14 expression is not altered in various mutant, comparing wild type ddaC 
neurons  (F), to cul1EX ddaC MARCM clones (G),  skpA RNAi #3 expressing ddaC neurons 
(H), slimb8 ddaC MARCM clones (I) and nedd8AN015 ddaC MARCM clones (J). (K and L) 
Quantification of immunostainings for EcR-B1 or Sox14. The graph shows the average 
value of ddaC/ddaE ratios and S.E.M. n.s. not significant, n is shown in the bar. Scale bar 
is 20uM. 
3.6.2 Cullin-1 based SCF E3 ligase works downstream of EcR-B1 and Sox14 to 
regulate dendrite pruning. 
 
Since the expression of EcR-B1 and Sox14 is not regulated by Cullin-1 based SCF E3 
ligase, we next investigated if expression of Cullin-1 based SCF E3 ligase is reliant on EcR-
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B1 or Sox14. MB ϒ neurons from wild type, EcRDN expressing and sox14 mutant brains  
was isolated using Laser capture microdissection (LCM) technique and RNA were 
extracted before they were used for quantitative real time PCR experiments (Q-PCR). 
During larval- pupal transition, ecdysone signaling upregulates expression of sox14 which 
in turn upregulates mical. We first determine the expression profile of cul1 during larval- 
pupal transition. Interestingly, similar to mical, mRNA level of cul1 was significantly 
upregulated from eL3 to WP and elevated expression persisted to 6h APF (Figure 13A). 
Consistent with previous microarray data, expression of uba1, an E1 enzyme was also 
upregulated during the larval-pupal transition (Figure 13A) (Moberg et al., 2001). Like 
mical, the upregulation of cul1 expression was significantly inhibited by the expression of 
EcRDN or in sox14 loss of function mutant (50.4% and 48.9% reduction respectively; 
Figure 13B), thus indicating that like mical, cul1 expression is regulated by EcR-B1 and 
Sox14. Together with co-immunoprecipitation data in Figure 10A, the results suggest 
that EcR-B1/ Sox14 signaling regulates the abundance but not the assembly of Cullin-1 
based SCF E3 ligase. 
Based on the Q-PCR data and immunostaining data, we postulated that Cullin-1 based 
SCF E3 ligase, works downstream of Sox14 to regulate dendrite pruning. In agreement 
with the hypothesis, knockdown of Cullin-1 in sox14 homozygous mutant was unable to 
enhance the pruning defect (n=41; Figure 13E’ and 13F) compared to sox14 homozygous 
mutant itself (n=24; Figure 13D’ and 13F). Furthermore, we generated ddaC MARCM 
clones homozygous for double mutant of sox14Δ13 and cul1EX. On average, 15.2 primary 
and secondary dendrites were attached to the soma of the double mutant (n=5; Figure 
13I’ and 13J), comparable to either single mutant of cul1EX (15.8, n=6, Figure 13G’ and 
13J) or sox14Δ13 (14.5, n=6, Figure 13H’ and 13J), supporting a linear relationship 
between sox14 and cul1 while ruling out the possibility of a parallel pathway. Taken 
together, with the data presented, Cullin-1, Roc1a, SkpA and Slimb functions as 
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components of a Cullin-1 based SCF E3 ligases, amongst which, the expression of cullin-1 
is dependent on EcR-B1 and sox14 to regulate dendrite pruning.  
 
Figure 13: Cullin-1 based SCF E3 ligase works downstream of EcR-B1 and Sox14 to 
regulate dendrite pruning. (A) Relative mRNA expression profile of EcR-B1, sox14, mical, 
cul1 and uba1 in the MB ϒ neurons at eL3, WP and 6h APF.  (B) Expression profile of EcR-
B1, sox14, mical, cul1 and uba1 in the either wild type, 201Y-Gal4 driven EcRDN 
expressing or sox14 mutant MB ϒ neurons at 6h APF. (C-E’ and G-I’) Live confocal images 
of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at WP or 16 h APF. Red 
arrowheads point to ddaC soma. (C-E and G-I) White pupae morphology of various 
mutants remains largely similar. While expression of cul1 RNAi #2 led to pruning defect 
at 16 h APF (C’ and F), knockdown of Cullin-1 in sox14 mutant (E’ and F) did not 
significantly enhance sox14 mutant phenotype (D’ and F). MARCM ddaC clones of 
sox14Δ13 and cul1EX double mutant (I’ and J) had similar number of primary and 
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secondary dendrite left attached to the soma at 16 h APF compared to either cul1EX (G’ 
and J)  or sox14Δ13 (H’ and J) single mutant MARCM ddaC clones. (F and J) Quantification 
of the average number of primary and secondary dendrites attached to the soma at WP 
and 16 h APF. Number in the bars shows the number of samples (n).  Error bars 
represent S.E.M. ** p<0.01, *** p<0.001, n.s. not significant. Dorsal is up in all images. 
Scale bar is 50µm. 
3.6.3 Cullin-1 based SCF E3 ligase does not regulate Mical expression or 
transcription 
 
Sox14 binds to the promoter of mical and promotes mical expression which is essential 
for dendrite pruning. We next determine if expression or transcription of mical, one of 
the key downstream effector in dendrite pruning is affected in Cullin-1 based SCF E3 
ligase mutant. Immunostaining of endogenous Mical was performed on wild type (n=14; 
Figure 14A), cul1 RNAi #2 expressing (n=12; Figure 14B), roc1aG1 MARCM (n=7; Figure 
14C), skpA RNAI #3 expressing (n=12; Figure 14D) and slimb8 MARCM (n=13; Figure 14E) 
ddaC neurons. Compared to wild type control, expression of Mical was not significantly 
affected in various mutants (Figure 14F). Furthermore, using a mical-lacZ reporter which 
expresses LacZ under the influence of mical enhancer (Y. Gu and F. Yu, unpublished 
data), no significant change in LacZ expression was detected between wild type (Figure 
14G), cul1 RNAi #2 (Figure 14H) expressing and skpA RNAi #3 (Figure 14I) expressing 
ddaC neurons. Thus indicating that similar to EcR-B1 and Sox14, Cullin-1 based SCF E3 
ligase complex does not regulate Mical expression, raising the possibility that Cullin-1 





Figure 14: Cullin-1 based SCF E3 ligase does not regulate Mical expression or 
transcription. (A-E, G-I) Confocal images show Mical (A-E) and lacZ (G-I) staining in red in 
various genotypes of ddaC neurons expressing UAS-mCD8-GFP drive by ppk-Gal4 at WP. 
ddaC somas are marked by white dashed lines and ddaE are marked by asterisks. Mical 
expression is indifferent comparing wild type ddaC neurons (A) to cul1 RNAi #2 
expressing (B),  roc1aG1 MARCM (C),  skpA RNAi #3 expressing (D) and  slimb8 MARCM (E) 
ddaC neurons. mical RE-1 lacZ expression is not altered, comparing wild type ddaC 
neurons (G) to cul1 RNAi #2 expressing (H) and skpA RNAi #3 expressing (I) ddaC 
neurons. (F) Quantification of immunostaining for Mical was performed as described in 
the Materials and Methods. The graph display the average value of ddaC/ddaE ratios 





3.6.4 Cullin-1 based SCF E3 ligase works in parallel to Mical to govern dendrite 
pruning.  
 
In order to determine the genetic hierarchy between mical and the Cullin-1 based SCF E3 
ligase complex, we first knockdown various components of the Cullin-1 based SCF E3 
ligase complex in mical null mutant background. Genetically, attenuation of parallel 
pathways regulating the same process, would lead to an enhancement of the 
phenotype. Whereas if mical is genetically upstream of Cullin-1 based SCF E3 ligase 
complex, attenuation of the latter in a mical null mutant background would not lead to 
any change in the pruning defect. While mical null mutant displayed pruning defect with 
an average of 5.3 major dendrites left attached to the soma at 16 h APF (n=26; Figure 
15A and 15G), attenuation of Cullin-1 and Roc1a in mical null mutant led to a significant 
enhancement in the pruning defect, with an average of 10.1 and 11 primary and 
secondary dendrites left attached to the soma at 16 h APF (n=22 and 36; Figure 15B and 
15G, Figure 15C and 15G respectively). Similarly, knockdown of SkpA (n=22; Figure 15D 
and 15G), Slimb (n=30; Figure 15E and 15G) and Nedd8 (n=16; Figure 15F and 15G) in 
mical mutant background significantly enhanced mical mutant phenotype at 16 h APF. 
The enhancement in phenotype indicates that mical and Cullin-1 based SCF E3 ligase 
complex works in parallel to regulate dendrite pruning,  
To ascertain the parallel relationship, double null mutant of slimb8 and mical15256 was 
generated and used for MARCM analysis. MARCM clones of slimb8 and mical15256  double 
mutant had an average of 9.7 primary and secondary dendrites left attached to the 
soma at 16 h APF (n=10; Figure 15J' and 15K), a significant increase compared to either 
mical15256 (3.3, n=14; Figure 15H' and 15K) or slimb8 (4.4,n=16; Figure 15I' and 15K) single 
mutant clones.  Taken together, the data suggest that Cullin-1 based SCF E3 ligase 
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complex works downstream of EcR-B1 and Sox14 but in parallel to Mical to govern ddaC 




Figure 15: Cullin-1 based SCF E3 ligase works in parallel to Mical to govern dendrite 
pruning. (A-F and H-J’) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP 
75 
 
driven by ppk-Gal4 at WP or 16 h APF. Red arrowheads point to ddaC soma. While 
homozygous mutant of mical displayed pruning defect (A), attenuation of Cullin-1 based 
SCF E3 ligase complex in mical mutant via expression of cul1 RNAi #1 (B), roc1a RNAi #1 
(C), skpA RNAI #3 (D), slimb RNAi #1 (E) or nedd8 RNAi (F) resulted in significant 
enhancement of the pruning defect at 16 h APF.  (H-J) Although white pupae 
morphology remains largely unchanged, MARCM ddaC clones of mical15256, slimb8 double 
mutant (J') exhibited significant enhancement of ddaC dendrite pruning defect at 16 h 
APF compared to either mical15256 (H') or slimb8 (I') single mutant ddaC MARCM clones. 
(G and K) Quantification of the average number of primary and secondary dendrites 
attached to the soma at WP and 16 h APF. Number in the bars shows the number of 
samples (n).  Error bars represent S.E.M. ** p<0.01 *** p<0.001, n.s. not significant. 
Dorsal is up in all images. Scale bar is 50µm. 
3.7 The Cullin-1 based SCF E3 ligase complex antagonises insulin 
signaling to promote ddaC dendrite pruning. 
 
The ultimate aim of having an active ubiquitin proteasome system partaking in a 
biological process is to ensure the timely degradation of a target. In view of this, we set 
out to investigate if any signaling pathway might be regulated by the Cullin-1 based SCF 
E3 ligase complex.   
3.7.1 The Cullin-1 based SCF E3 ligase complex regulates dendrite pruning 
independent on known targets, Hedgehog and Wingless signaling pathway. 
 
Hedgehog (Hh) and Wingless (Wg) pathways are negatively regulated by Cullin-1 based 
SCF E3 ligase through the degradation of Ci or Armadillo respectively during tissue 
growth and pattern formation (Ho et al., 2006).  Hence it is conceivable that either one 
of the pathways might also be negatively regulated by Cullin-1 based SCF E3 ligase 
during dendritic pruning. To this end, we first inactivated Hh signaling, through the 
expression of Hh repressor, CiCell, in cul1 RNAi expressing ddaC neurons. Compared to 
expression of control, micalN-ter (n=30; Figure 16A and 16I) attenuation of Hh signaling 
(n=29; Figure 16B and 16I) did not significantly rescue cullin-1 associated dendrite 
pruning defect. Likewise, suppression of Wg signaling though the expression of Wg 
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inhibitor, SggS9A (n=19; Figure 16C and 16I) did not rescue cullin-1 RNAi mediated 
dendrite pruning defect.  
2 additional lines of evidences suggest that Cullin-1 based SCF E3 ligase regulates 
dendrite pruning independently on Hh and Wg signaling. First of all, if Cullin-1 based SCF 
E3 ligase negatively regulates either pathway for proper pruning to occur, 
hyperactivation of the pathway should result in ddaC dendrite pruning defect at 16 h 
APF. However hyperactivation of Hh, through expression of Hh activator, CiU (n=20; 
Figure 16D and Figure 16I) or hyperactivation of Wg, through expression of Wg activator, 
ArmS10 (n=20; Figure 16E and 16I) did not result in any visible dendrite pruning defect at 
16 h APF.  Secondly, activation of either Hh (n=16, Figure 16G and Figure 16I) or Wg 
(n=22; Figure 16H and Figure 16I) pathway in Cul1DN over-expressing sensitized 
background, did not result in any significant enhancement to Cul1DN-mediated dendrite 
pruning defect as well (n=25; Figure 16F and Figure 16I). Thus it appears that the Cullin-1 
based SCF E3 ligase complex does not act upon its known target, Hh and Wg signaling 




Figure 16: The Cullin-1 based SCF E3 ligase complex regulates dendrite pruning 
independent on known targets, Hedgehog and Wingless signaling pathways. (A-H) Live 
confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at 16 h 
APF. Red arrowheads point to ddaC soma. Co-expression of suppressor of Hh signaling 
pathway, CiCell (B) or Wg signaling pathway, sggS9A (C) did not significantly suppress 
pruning defect in cul1 RNAi expressing ddaC neurons compared to co-expression of non 
functional micalN-ter (A). Hyperactivation of Hh signaling via expression of CiU (D) or Wg 
signaling via expression of ArmS10 (E) did not result in any ddaC dendrite pruning defect 
at 16 h APF. Co-expression of CiU (G) or ArmS10 (H) did not significantly enhance Cul1DN 
mediated pruning compared to co-expression of non functional micalN-ter (F). (I) 
Quantification of the average number of primary and secondary dendrites attached to 
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the soma at 16 h APF. Number in the bars shows the number of samples (n).  Error bars 
represent S.E.M. Dorsal is up in all images. n.s. not significant . Scale bar is 50µm. 
3.7.2 The Cullin-1-based SCF E3 ligase complex antagonises the insulin 
signaling pathway but not other pathways to promote ddaC dendrite pruning. 
 
Since the known target of the Cullin-1-based SCF E3 ligase is not responsible for dendrite 
pruning, we carried out a candidate based genetic suppressor screen to systematically 
investigate if attenuation of any other major signaling pathways can suppress cul1 RNAi 
mediated dendrite pruning defect. Co-expression of cul1 RNAi with suppressor of JNK 
pathway, BskDN (n=18; Figure 17B and Figure 17N) or FosDN (n=15; Figure 17C and 17N) 
did not result in any significant change in pruning defect, compared to the expression of 
micalN-ter as a control (n=21; Figure 17A and 17N). Similarly, attenuation of JAK/STAT 
(n=19; Figure 17D and 17N), Hippo (n=17; Figure 17E and 17N), EGFR (n=18; Figure 17F 
and 17N), PVR (n=20; Figure 17G and 17N), TKV (n=22; Figure 17H and 17N) or Notch 
(n=24; Figure 17I and 17N) signaling pathways was unable to attenuate dendrite pruning 
defect brought about by Cullin-1 knockdown. Surprisingly, the attenuation of insulin 
signaling through co-expression of InRDN significantly retarded the cul1 RNAi mediated 
dendrite pruning defect. On the average 1.2 primary and secondary dendrites were left 
attached to the soma of cul1 RNAi, InRDN expressing ddaC neurons (n=43, Figure 17J and 
17N)  contrasting to 7.4 in cul1 RNAi, micalN-ter expressing control  ddaC neurons at 16 h 
APF (n=21; Figure 17A and 17N). The specificity of InRDN rescue can be attested by the 
fact that the co-expression of any of the above suppressors with cul1 RNAi did not affect 
the ddaC white prepupae morphology, as the number of primary and secondary 
dendrite at white prepupae stage is not statistically significant in any of the genetic 
combination compared to the control (Figure 17N).  
Furthermore, the co expression of InRDN with skpA RNAi significantly rescued the pruning 
defect caused by skpA RNAi expression. An average of 4.4 primary and secondary 
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dendrites were left attached to the soma of InRDN, skpA RNAi co-expressing ddaC 
neurons (n=15; Figure 17L and 17O) at 16 h APF compared to 6.4 in the control (n=21; 
Figure 17K and 17O). The co-expression of constitutive active insulin receptor, InRCA, also 
significantly enhanced the ddaC dendrite pruning defect caused by skpA RNAi expression 
(n=19; Figure 17M and 17O). Hence it appears that insulin signaling pathway likely works 




Figure 17: The Cullin-1-based SCF E3 ligase complex antagonises the insulin signaling 
pathway but not other pathways to promote ddaC dendrite pruning. (A-M) Live 
confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at 16 h 
APF. Red arrowheads point to ddaC soma. Co-expression of BskDN (B), FosDN (C) , 
DomeΔCYT (D) , YkiS168A (E), EgfrDN (F), PvrDN (G), TkvDN (H) and NotchDN (I) did not 
significantly attenuate pruning defect in cul1 RNAi expressing ddaC neurons compared 
to co-expression of non-functional micalN-ter (A). On the other hand, co-expression of 
InRDN (J), significantly rescued cul1 RNAi mediated dendrite pruning defect. While co-
expression of InRDN with skpA RNAi rescued skpA RNAi mediated pruning defect (L), co-
expression of InRCA (M) enhanced the pruning defect at 16 h APF compared to control 
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(K). (N and O) Quantification of the average number of primary and secondary dendrites 
attached to the soma at WP and 16 h APF. Number in the bars shows the number of 
samples (n).  Error bars represent S.E.M. *** p<0.001, n.s. not significant. Dorsal is up in 
all images. Scale bar is 50µm. 
3.7.3 The Cullin-1 based SCF E3 ligase complex suppresses PI3K/TOR signaling 
during ddaC dendrite pruning. 
 
Downstream of insulin receptor, PI3K/TOR signaling pathway functions to regulate 
protein translation, metabolism and ribosome biogenesis (Neufeld, 2003). Since 
expression of InRDN can significantly rescue pruning defect caused by knockdown of 
Cullin-1, SkpA or Cul1DN expression (n=22, Figure 18L and 18R), we sought to understand 
if PI3K/TOR signaling pathway also plays an important role in dendrite pruning. To this 
end, we performed genetic suppression assay to attenuate PI3K/TOR signaling pathway 
in either cul1 RNAi or Cul1DN expressing ddaC neurons.  Expression of dominant negative 
form of PI3K (Leevers et al., 1996) or negative regulator of PI3K signaling pathway, 
Phosphatase and tensin homologue (PTEN) (Huang et al., 1999), dramatically rescued 
dendrite pruning in ddaC due to Cullin-1 knockdown at 16 h APF.  While expression of 
non- functional micalN-ter in cul1 RNAI expressing ddaC neurons led to an average of 8.1 
major dendrites left connected to the soma at 16 h APF (n=44; Figure 18A and 18Q), 
expression of PI3KDN or PTEN led to an average of 1.1 or 2.3 major dendrites left 
connected to the soma respectively (n=32 and 29 respectively; Figure 18B and 18C 
respectively, Figure 18Q).  Consistently, expression of either PI3KDN (n=22; Figure 18J and 
18R) or PTEN (n=21; Figure 18K and 18R) were also able to rescue ddaC dendrite pruning 
defect of Cul1DN expressing neurons (n=28; Figure 18I and 18R). These data suggest that 
Cullin-1 based SCF complex suppresses the Insulin/PI3K signaling pathway during ddaC 
dendrite pruning.  
Downstream of PI3K, the Target of Rapamycin (TOR) signaling pathway is inhibited by 
TSC1 and TSC2 (Neufeld, 2003). To determine if TOR pathway is also attenuated by the 
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Cullin-1 based SCF E3 ligase complex, we co-expressed TSC1 and TSC2 in either cul1 RNAi 
or Cul1DN expressing ddaC neurons. Like expression of PTEN, expression of TSC1 and 
TSC2 rescued pruning defect in cul1 RNAi (n=25; Figure 18E and 18Q) and Cul1DN (n=30; 
Figure 18M and 18R) expressing ddaCs. Consistently, TORTED, a dominant negative form 
of TOR lacking its toxic effector domain (Hennig and Neufeld, 2002), strongly suppressed 
pruning defect in cul1 RNAi (n=47; Figure 18F and 18Q) and Cul1DN (n=24; Figure 18N and 
18R) expressing ddaCs. The protein kinase TOR controls protein production by 
phosphorylation of the eukaryotic translation initiation factor 4E binding protein (4E-
BP)(Teleman et al., 2005) and the p70 ribosomal protein S6 kinase (S6K) (Neufeld, 2003). 
The expression of 4E-BP(AA) (Teleman et al., 2005), a non phosphorylated version of 
4EBP or S6KKQ (Barcelo and Stewart, 2002), a catalytically inactive S6K blocks protein 
translation and Tor signaling. Similarly, expression of 4E-BP(AA) almost fully suppressed 
pruning defects in ddaC neurons caused by cul1 RNAi (n=55; Figure 18G and 18Q) or 
Cul1DN (n=32; Figure 18O and 18R) expression.  Likewise S6KKQ expression also rescued 
pruning defect mediated by cul1 RNAi knockdown (n=42; Figure 18H and 18Q) and 
Cul1DN expression (n=18; Figure 18P and 18R).  
Moreover, while white prepupae morphology remains largely similar (Figure 18S, 18T 
and 18U), the expression of InRDN (n=8, Figure 18S' and 18U) or 4E-BP (AA) (n=8, Figure 
18T' and 18U) also largely rescued pruning defect in cul1EX null allele ddaC MARCM. 
Compared to the strong pruning defect of 15.8 primary and secondary dendrites 
attached to the soma of cul1EX ddaC MARCM clones at 16 h APF (Figure 18U), expression 
of InRDN or 4E-BP (AA) dramatically rescued the pruning defect to an average of 4.9 and 
4.8 major dendrites attached to the soma respectively. These data suggest and indicate 
that InR/PI3K/TOR pathway is suppressed and inactivated by Cullin-1 based SCF E3 ligase 





Figure 18: The Cullin-1 based SCF E3 ligase complex suppresses PI3K/TOR signaling 
during ddaC dendrite pruning. (A-P, S-T') Live confocal images of ddaCs expressing UAS-
mCD8-GFP driven by ppk-Gal4 at WP or 16 h APF. Red arrowheads point to the soma. 
Co-expression of PI3KDN (B), PTEN (C) , akt RNAi (D) , TSC1,TSC2 (E) , TorTED (F) , 4E-BP 
(AA) (G) , S6KKQ (H) significantly attenuated pruning defect in cul1 RNAi expressing ddaC 
neurons , compared to co-expression of non-functional micalN-ter (A). Co-expression of 
micalN-ter with Cul1DN displayed prominent pruning defect (I), co-expression of, PI3KDN (J), 
PTEN (K), InRDN (L), TSC1,TSC2 (M), TorTED (N), 4E-BP (AA) (O), S6K KQ (P) significantly 
suppressed the pruning defect. Overexpression of InRDN (S and S') or 4E-BP (AA) (T and 
T') in cul1EX ddaC MARCM clones did not alter white prepupae morphology but 
significantly rescued cul1EX mediated pruning defect at 16 h APF. (Q, R and U) 
Quantification of the average number of primary and secondary dendrites attached to 
the soma at WP and 16 h APF. Number in the bars shows the number of samples (n).  
Error bars represent S.E.M. *** p<0.001, n.s. not significant. Dorsal is up in all images. 
Scale bar is 50µm.  
3.7.4 Pharmacological attenuation of insulin signaling pathway suppresses 
dendrite pruning defect in ddaC neurons devoid of Cullin-1 based SCF E3 ligase 
complex. 
 
On top of genetic manipulation to demonstrate that Cullin-1 based SCF E3 ligase 
complex attenuates InR/PI3K/TOR signaling pathway during dendrite pruning, we 
suppressed TOR pathway pharmacologically, after initial ddaC dendrite development 
was completed. This was done by feeding 3rd instar larvae with rapamycin, an inhibitor 
of TOR. The treatment would help to rule out any possibility that the earlier genetic 
rescue was due to an early dendrite development defect. Interestingly, while rapamycin 
treatment did not cause any defects on onset of pupariation, adult eclosion or larval 
dendrite development (Figure 19A), it significantly rescued pruning defect due to Cullin-
1 knockdown in the ddaC neurons at 16 h APF (compare Figure 19C to 19F ; Figure 19H).  
While 8.9 major dendrites were attached to the soma of non-treated cul1 RNAi 
expressing ddaC neurons (n=37; Figure 19C and 19H), rapamycin treatment significantly 
suppressed the pruning defect with an average of 3.8 major dendrites left attached to 
the soma of treated ddaC neurons knocked down of Cullin-1 (n=58; Figure 19F and 19H) 
at 16 h APF. The specificity of the rescue can be attested by the fact that rapamycin 
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treatment was unable to rescue pruning defect brought about by Mical knockdown in 
ddaC neurons (Figure 19D, 19G and 19H) 
 
Figure 19: Pharmacological attenuation of insulin signaling pathway suppresses 
dendrite pruning defect in ddaC neurons devoid of Cullin-1 based SCF E3 ligase 
complex. (A) Quantification of average number of primary and secondary dendrites 
attached to the soma at wL3 stage of various mutant treated or non-treated with 
rapamycin. (B-G) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP 
driven by ppk-Gal4 at 16 h APF. Red arrowheads point to ddaC soma. While rapamycin 
treatment did not influence normal ddaC pruning progression (B and E), rapamycin 
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treatment significantly rescued dendrite pruning defects mediated by cul1 RNAi (C and 
F) but not by mical RNAi (D and G). (H) Quantification of the average number of primary 
and secondary dendrites attached to the soma at 16 h APF. Number in the bars shows 
the number of samples (n).  Error bars represent S.E.M. *** p<0.001, n.s. not significant. 
Dorsal is up in all images. Scale bar is 50µm.  
3.7.5 Specificity of insulin signaling in Cullin-1 based SCF E3 ligase mediated 
dendrite pruning. 
  
The occurrence of insulin signaling as the downstream target of Cullin-1 based SCF E3 
ligase during ddaC dendrite pruning came as a surprise to us, as it is well known that 
insulin signaling is involved in progressive processes such as cell growth and proliferation 
rather than in regressive processes. However, our study to date has been coherent and 
the following series of experiments further verified the specificity of the suppression 
experiments.  
3.7.5.1 Attenuation of insulin signaling in cullin-1 mutant does not affect 
normal dendrite elaboration. 
 
First of all, while attenuation of insulin signaling via some of the repressors resulted in 
slightly reduced terminal dendrites at white prepupae stage, the number of primary and 
secondary dendrites before the onset of pruning remained largely similar to control in 
various combination of genetic suppression assay (Figure 20A- 20R). Furthermore, 
rapamycin treatment of larvae provided a temporal control over the attenuation of 
insulin signaling. Rescue experiments using rapamycin was conducted after initial ddaC 
dendrite morphogenesis has been completed (Figure 19), hence the rescue observed is 
unlikely to be due to a defect in initial dendrite morphology but rather due to the 




Figure 20: Attenuation of insulin signaling in cullin-1 mutant does not affect normal 
dendrite elaboration. (A to H and J to Q) Live confocal images of ddaC neurons 
expressing UAS-mCD8-GFP driven by ppk-Gal4 at WP. Red arrowheads point to ddaC 
soma.  White prepupae morphology of various genetic suppression combinations did not 
display any significant difference. (I and R) Quantification of the average number of 
primary and secondary dendrites attached to the soma at WP. Number in the bars 
shows the number of samples (n).  Error bars represent S.E.M., n.s. not significant. 
Dorsal is up in all images. Scale bar is 50µm.  
3.7.5.2 Attenuation of insulin signaling in cullin-1 mutant promotes proximal 
severing of major dendrites 
 
A key hallmark of dendrite pruning is the proximal severing of major dendrites which 
occurs at about 6 to 8 h APF (Figure 3). We investigated if this event occurred during the 
genetic suppression assay in cul1 RNAi expressing ddaC neurons. Consistent with the 
specificity of the rescue, proximal severing of the dendrite occurred in most of the 
genetic suppressed ddaC neurons examined compared to 0% in the control (Figure 21A -
21I). Remarkably, approximately 72% of the neurons examined exhibited proximal 
severing of major dendrites in ddaC neurons knocked down of both key insulin signaling 




Figure 21: Attenuation of insulin signaling in cullin-1 mutant promotes proximal 
severing of major dendrites. (A-H) Live confocal images of ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at 12.5 h APF. Red arrowheads point to ddaC soma. 
Empty arrow head points to the severed dendrite.  While ddaC neurons co-expressing 
cul1 RNAI with non-functional micalN-ter control (A) failed to sever the proximal dendrites 
at 12.5 h APF, suppression of insulin signaling via expression of InRDN (B), PI3KDN (C), 
PTEN (D) , TorTED (E), TSC1,TSC2 (F), S6KKQ (G) or 4E-BP (AA) (H) in cul1 RNAI ddaC 
neurons resulted in severing of the proximal dendrite. (B) Quantification of the 
percentage of ddaC neurons with proximal dendrite severed. Number in the bars shows 





3.7.5.3 Attenuation of insulin signaling does not rescue dendrite pruning 
defect in mical mutant ddaC neurons 
 
Lastly, as demonstrated earlier (Figure 14 and 15), Cullin-1 based SCF E3 ligase complex 
does not regulate mical expression and works in parallel to mical to regulate dendrite 
pruning. Since mical works independently of Cullin-1 based SCF E3 ligase, it serves as a 
good negative control to determine the specificity of the interaction between Cullin-1 
based SCF E3 ligase and insulin signaling. To this end, we attenuated insulin signaling in 
mical null homozygous background and scored the pruning defect at 16 h APF. 
Homozygous mical null mutant expressing micalN-ter (n=26; Figure 22A and 22I) had an 
average of 4.7 major dendrites left attached to the soma at 16 h APF. Attenuation of 
insulin signaling via various repressor does not lead any change in white prepupae 
morphology (Figure 22I) and at the same time did not result in any suppression in mical 
mediated pruning defect at 16 h APF (Figure 22B-22I). Thus this series of experiments 






Figure 22: Attenuation of insulin signaling does not rescue dendrite pruning defect in 
mical mutant ddaC neurons. (A- H) Live confocal images of ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at 16 h APF. Red arrowheads point to ddaC soma. 
Expression InRDN (B), PI3KDN (C), PTEN (D) , TorTED (E)  , TSC1,TSC2 (F) , S6KKQ (G) or 4E-
BP(AA) (H) was unable to rescue pruning defect in mical mutant compare to expression 
of  non- functional control, micalN-Ter (A). (I) Quantification of the percentage of ddaC 
neurons with proximal dendrite severed. Number in the bars shows the number of 
samples (n).  Dorsal is up in all images. Scale bar is 50 µm.  
3.8 Cullin-1 based SCF E3 ligase negatively regulates insulin 
signaling through Akt ubiquitination 
 
Since suppression of InR/PI3K/TOR signaling can attenuate the dendrite pruning defect 
caused by the lack of Cullin-1 based SCF E3 ligase activity, this indicates that insulin 
signaling is likely to be hyperactivated in the Cullin-1 based SCF E3 ligase mutant. If the 
hypothesis is true, we would like to understand mechanistically, how Cullin-1 based SCF 
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E3 ligase regulates the activity of insulin signaling pathway, and what is the substrate 
that is targeted by the complex.  
3.8.1 Compromised Cullin-1 based SCF E3 ligase activity leads to 
hyperactivation of insulin signaling 
 
Akt is a positive regulator of the InR/PI3K/Tor pathway. Using anti- Akt antibodies, we 
studied the expression and activity of Akt in ddaC neurons and 6 h APF brain lysates. A 
weak staining of Akt in the soma can be detected (n=8; Figure 23A and 23D) but not in 
the axons and dendrites of ddaC neurons. This staining was abolished in ddaC neurons 
expressing akt RNAi (n=6; Figure 23C and 23D), but was upregulated significantly in ddaC 
neurons expressing cul1 RNAi at WP stage (n=9; Figure 23B and 23D), suggesting a 
possibility that Cullin-1 based SCF E3 ligase might degrade Akt to regulate insulin 
signaling. Since over-expressed Akt can be detected in soma, dendrite and axons of ddaC 
neurons (Figure 23I), we co-expressed Akt with either control RNAi or cul1 RNAi to 
investigate Akt level throughout the neuron. Consistent with endogenous Akt level, ddaC 
co-expressing Akt and cul1 RNAi displayed an elevated expression of Akt in the soma (2 
folds, n=16; Figure 23F and 23G) compared to control RNAi expression (n=11; Figure 23E 
and 23G). The accumulation of exogenous Akt in ddaC neurons compromised of Cullin-1 
activity indicates that Cullin-1 based SCF E3 ligase complex regulates Akt post 
transcription and translationally, likely through SCF-dependent degradation of Akt. 
Concomitantly, the level of Akt was also significantly increased in ddaC dendrites (2.2 
folds, n=12 Figure 23F' and 23G) and axons (1.9 folds, n=11, Figure 23F'' and 23G) co 
expressing Akt and cul1 RNAI compared to control RNAi (Figure 23E', 23E'' and 23G). 
Hence, the data suggest that the SCF-dependent degradation of Akt is not limited to the 
dendrites of ddaC neurons. This is consistent with the uniform distribution of SCF E3 
ligase complex throughout the neuron as visualized by exogenous expression of SkpA-
RFP in the ddaC neurons. (n=17; Figure 23J). Furthermore, when Cullin-1 was knockdown 
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in brain using elav-Gal4, a pan neuronal driver (Right Panel, Figure 23H), a significant 
increase in Akt level was observed (Left top panel, Figure 23H), at same time, activity of 
Akt as determined by the expression of phosphorylated Akt (Left middle panel, Figure 
23H) was also elevated. Since Akt expression level and activity is upregulated in ddaC 
neurons and prepupal brain attenuated of Cullin-1 activity, we next tested if knock down 
of Akt via akt RNAi expression would be able to suppress pruning defect brought about 
by Cullin-1 attenuation. Interestingly, knockdown of Akt, strongly suppressed dendrite 
pruning defect in akt and cul1 RNAi expressing ddaCs (n=26, Figure 18D). On an average, 
0.2 major dendrites were connected to akt RNAi and cul1 RNAi co-expressing ddaC 
neurons (Figure 18Q) compared to 8.1 (n=44; Figure 18A and 18Q)  in micalN-ter and cul1 
RNAi co-expressing control. Taken together, the biochemical and genetic data suggest 
that reduced Cullin-1 based SCF-E3 ligase complex activity leads to hyperactivation of 





Figure 23: Compromised Cullin-1 based SCF E3 ligase activity leads to hyperactivation 
of insulin signaling. (A-C and E-F’’) Confocal images show Akt staining (in red) in 
different genotypes of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at 
WP. Dashed lines mark the ddaC somas/dendrites/axons. cul1 RNAi ddaC neurons 
displayed elevated endogenous Akt level in the somas (B and D) compared to that in the 
control RNAi somas (A and D). Akt immunostaining was marked reduced in akt RNAi 
expressing ddaC neurons (C and D). Exogenous Akt was upregulated in somas, dendrites 
and axons of cul1 RNAi ddaC neurons (F-F” and G), compared to the control RNAi (E-E’’ 
and G). Quantification of Akt immunostaining intensity (D and G). The normalized Akt 
immunostaining intensity is displayed in the graph and error bars shows the S.E.M, n is 
shown on the bars *** p<0.001. The scale bars are 5 µm. (H) Akt expression and activity 
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were elevated in cul1 RNAi brain extracts. (I and J) Confocal images showing SkpA-RFP 
and Akt labeled in red and mCD8-GFP in green. White arrowheads and arrows point to 
ddaC somas and axons, respectively. Dorsal is up. Scale bar is 50µm.  
 
3.8.2 Substrate recognition domain, Slimb interacts with Akt and promotes Akt 
ubiquitination  
 
The accumulation of Akt in cullin-1 mutant prompted us to investigate if Akt could be the 
substrate of Cullin-1 SCF E3 ligase complex. Co-immunoprecipitation assay was first 
performed to determine if Akt and Slimb interacts with each other. Interestingly, using 
S2 cell lysate over-expressing Myc-Akt and Flag-Slimb, Akt was co-immunoprecipitated 
with Slimb (Figure 24A). The interaction between Akt and Slimb can be recapitulated in 
vivo when co-immunoprecipitation was carried out using larval brain extract 
overexpressing Myc-Slimb and Akt driven by Elav-gal4 (Figure 24B), suggesting a 
conserved interaction in vivo in post mitotic neurons. Furthermore, Slimb deleted of its 
WD40 domain, Myc-SlimbΔWD40 is incapable of interacting with Akt, thus demonstrating 
the requirement for the WD40 domain in Slimb and Akt interaction (Figure 24C). The 
specificity of Akt and Slimb interaction can be further substantiated by the fact that, 
another F-box protein, Ago which is not required for ddaC dendrite pruning (n=3; Figure 
7I’ and 7J) is incapable of forming a physical interaction with Akt (Figure 24D). In view 
that Slimb functions in a multimeric complex with Cullin-1 to form a functional E3 ligase, 
we next conduct double immunoprecipitation to verify that Cullin-1, Slimb and Akt do 
exist as a complex. In cell lysate over expressing Flag-Cullin-1, Myc-Slimb and HA-Akt, the 
first immunoprecipitation with anti HA antibody, demonstrated the existence of 
interaction between Akt and Slimb / Cullin-1. The second immunoprecipitation with anti 
Myc antibody, yield co-immunoprecipitated Cullin-1 and Akt, thus indicating that Akt, 
Cullin-1 and Slimb do exist in the same complex (Figure 24E). 
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Lastly, we checked if Slimb is capable of mediating the ubiquitination of Akt via 
ubiquitination assay. Notably, while the control lane did not display strong 
ubiquitination of Akt (Lane 6; Figure 24F), the expression of Slimb strongly promotes the 
ubiquitination of Akt (Lane 7; Figure 24F). In contrast, the expression of SlimbΔWD40 that 
was unable to bind to Akt failed to promote ubiquitination of Akt (Lane 8; Figure 24F), 
suggesting that the WD40 domain is essential for Slimb mediated ubiquitination of Akt. 
Our data thus indicate that Slimb associates with Akt and targets Akt for ubiquitination.  
 
Figure 24: Substrate recognition domain, Slimb interacts with Akt and promotes Akt 
ubiquitination. (A) Akt and Slimb interact physically with each other in co-
immunoprecipitation assay carried out with S2 cell lysate over expressing Myc-Akt and 
Flag-Slimb. (B) Akt and Slimb associates with each other in brain extract. (C) The mutant 
protein, SlimbΔWD40, lacking its substrate-recognition WD40 domains, failed to bind Akt in 
S2 cells co-transfected with Myc-SlimbΔWD40 and Flag-Akt. (D) F-box protein Ago failed to 
interact physically with Akt in S2 cells co-transfected with Myc-Akt and Flag-Ago. (E) 
Cullin-1, Slimb and Akt associates in a complex in S2 cells cotransfected with Flag- Cullin-
1, HA-Akt and Myc-Slimb. (F) In vivo ubiquitination assay, Slimb but not SlimbΔWD40 
enhanced ubiquitination of Akt in S2 cells overexpressing Myc-Akt, HA-ubiquitin and 
Flag-Slimb or Flag-SlimbΔWD40.* indicates a non-specific band. 
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3.9 Activation of InR/PI3K/TOR pathway is sufficient to inhibit 
ddaC dendrite pruning 
 
Our data had suggested that the InR/PI3K/TOR pathway is attenuated by Cullin-1 based 
SCF E3 ligase through Akt ubiquitination to facilitate ddaC dendrite pruning. To further 
substantiate it, we sought to understand if hyperactivation of InR/PI3K/TOR pathway can 
lead to ddaC dendrite pruning and whether it is coherent with how Cullin-1 based SCF E3 
ligase complex functions in the EcR-B1/Sox14 and Mical pathway. 
3.9.1 Activation of InR/PI3K/TOR pathway is sufficient to inhibit ddaC 
dendrite pruning. 
 
To determine if activation of insulin signaling is sufficient to inhibit ddaC dendrite 
pruning, we overexpressed activators of the pathway via 2 copies of ppk-Gal4. 
Interestingly, while expression of activators of the insulin signaling pathway did not lead 
to any significant change in the white prepupae morphology compared to control (Figure 
25A-25E, Figure 25H), the expression of InRCA (n=25; Figure 25B' and 25H), PI3KCA (n=23; 
Figure 25C' and 25H), small GTPase Rheb (Ras homologue enriched in brain) (n=25; 
Figure 25D' and 25H) or constitutive active form of S6K, S6KSTDETE (n=24; Figure 25E' and 
25H) led to significant ddaC dendrite pruning defect at 16 h APF. Likewise, when MARCM 
clones of pten a negative regulator of InR/PI3K/Tor pathway was generated, ddaC 
dendrite pruning defect can be observed at 16 h APF. MARCM ddaC clones of ptenC494  
and pten1 retained an average of 4.2 and 2.1  primary and secondary dendrites attached 
to the ddaC soma at 16 h APF respectively (n=9 and 21; Figure 25F' and 25G' 
respectively, Figure 25H). The loss of pten function also inhibited ddaD/ddaE dendrite 
pruning (Figure 25I and 25I') but not ddaF apoptosis. In line with the notion that the 
Cullin-1 based SCF E3 ligase ubiquitinates Akt and promotes its degradation during ddaC 
dendrite pruning, the attenuation of Akt function via akt RNAI expression in InRCA 
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expressing ddaC neurons can fully rescue the ddaC dendrite pruning defect (Figure 25J-
25L). Therefore, consistent with the notion that Cullin-1 based E3 SCF ligase negatively 
regulated InR/PI3K/TOR signaling during ddaC dendrite pruning, the hyperactivation of 
InR/PI3K/TOR is sufficient to inhibit ddaC dendrite pruning.  
 
 
Figure 25: Activation of InR/PI3K/TOR pathway is sufficient to inhibit ddaC dendrite 
pruning. (A- G and I-K) Live confocal images of ddaC or ddaD neurons expressing UAS-
mCD8-GFP driven by ppk-Gal4 or elav-Gal4 at WP or 16 h APF. Red arrowheads point to 
ddaC soma. Purple arrowheads point to ddaF soma. Blue arrowheads point to ddaD 
soma.  Expression InRCA (B and B'), PI3KCA (C and C'), Rheb (D and D') and S6KSTDETE (E and 
E') via 2 copies of ppk-Gal4 did not affect white prepupae morphology but led to pruning 
defect at 16 h APF. Homozygous MARCM ddaC clones of ptenC494 (F and F') and pten1 (G 
and G') displayed pruning defect at 16 h APF. Homozygous MARCM ddaD clones of pten1 
(I and I') displayed pruning defect at 16 h APF. Expression of akt RNAi in InRCA (K) 
expressing ddaC neurons fully rescued ddaC dendrite pruning defect compared to co-
expression of control RNAi (J). (H and L) Quantification of the average number of primary 
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and secondary dendrites attached to the soma at WP and 16 h APF. Number in the bars 
shows the number of samples (n).  Error bars represent S.E.M., n.s. not significant *** p 
<0.001. Dorsal is up in all images. Scale bar is 50µm.  
 
3.9.2 Activation of InR/PI3K/Tor pathway enhances cul1DN mediated ddaC 
dendrite pruning defect. 
 
Next, we activated the InR/PI3K/TOR pathway in cul1DN expressing ddaC neurons to 
investigate the presence of any genetic enhancement to ddaC dendrite pruning defect. 
Expression of cul1DN with non-functional micalN-ter control led to a mild pruning defect, an 
average of 2.4 major dendrites were left attached to the soma at 16 h APF (n=25; Figure 
26A' and 26G). Despite displaying only a mild pruning defect when InRCA was co-
expressed with non-functional micalN-ter control (n=22; Figure 26G), co-expression of 
InRCA with cul1DN led to a significant enhancement in ddaC dendrite pruning defect at 16 
h APF (n=28, Figure 26B' and 26H). An average of 6.1 primary and secondary dendrites 
were left attached to the soma of InRCA and cul1DN co-expressing ddaC neurons at 16 h 
APF. Similarly, co-expression of PI3KCA (n=41; Figure 26C' and 26G), Rheb (n=30; Figure 
26D' and 26G) or S6KSTDETE (n=23; Figure 26E' and 26G) with cul1DN led to significant 
enhancement in ddaC dendrite pruning defect compared to any of their respective 
control. The enhancement were observed without any significant alteration to the white 
prepupae morphology (Figure 26A-26E and Figure 26F) hence illustrating the specificity 




Figure 26: Activation of InR/PI3K/Tor pathway enhances cul1DN mediated ddaC 
dendrite pruning defect. (A- E') Live confocal images of ddaC neurons expressing UAS-
mCD8-GFP driven by ppk-Gal4 at WP or 16 h APF. Red arrowheads point to ddaC soma. 
Activation of the InR/PI3K/TOR pathway by InRCA (B), PI3KCA (C), Rheb (D) or S6KSTDETE (E) 
in cul1DN ddaC neurons did not affect normal dendrite arborization at WP compared to 
micalN-ter (A) expression. Co-expression of InRCA (B'), PI3KCA (C'), Rheb (D') or S6KSTDETE (E') 
with cul1DN significantly enhanced the pruning defects, compared to the expression of 
control micalN-ter (A'). (F and G) Quantification of the average number of primary and 
secondary dendrites attached to the soma of mutant ddaC neurons at WP or 16 h APF. 
The number of samples (n) in each group is shown on the bars. Error bars represent 
S.E.M.. *** p<0.001. n.s., not significant. Dorsal is up in all images. The scale bar is 50 µm. 
3.9.3 Activation of InR/PI3K/TOR signaling is not sufficient to inhibit MB ϒ 
neuron axon pruning.  
 
Since the Cullin-1 based SCF E3 ligase complex mediates two different form of neuronal 
pruning during metamorphosis and the InR/PI3K/TOR signaling pathway is attenuated by 
it during ddaC dendrite pruning, we next determined if hyperactivation of InR/PI3K/TOR 
pathway is sufficient to inhibit MB ϒ neuron axon pruning. Interestingly, despite the 
ability to cause ddaC dendrite pruning defect, ptenc494 homozygous MB ϒ neuron clones 
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(n=11; Figure 27B) did not exhibit any MB ϒ neuron axon pruning defect compared to 
control MARCM clones (n=10; Figure 27A). Likewise over-expression of InRCA via MB ϒ 
neuron specific driver 201Y-Gal4, did not result in any MB ϒ neuron axon pruning defect 
at 24 h APF (n=6; Figure 27D). Thus indicating that despite the requirement of 
InR/PI3K/TOR pathway in ddaC neuron dendrite pruning, it is dispensable for MB ϒ 
neuron axon pruning. It would be interesting to investigate what is the downstream 
pathway that is attenuated by Cullin-1 based SCF E3 ligase during axon pruning.  
 
Figure 27: Activation of InR/PI3K/TOR signaling is not sufficient to inhibit MB ϒ neuron 
axon pruning. (A-D) MB ϒ neurons labelled by 201Y-Gal4 driven UAS-mCD8-GFP at 24 h 
APF. Wild-type MB ϒ neurons (A and C), ptenc494 (B) MB ϒ neuron MARCM clones and 
InRCA-expressing (D) MB ϒ neurons pruned their dorsal and medial axon branches by 24 h 
APF. The scale bars is 50 µm. 
3.10 InR/PI3K/TOR signaling does not affect EcR-B1 and Sox14 
expression and functions downstream of EcR-B1 and Sox14 
 
As demonstrated earlier the Cullin-1 based SCF E3 ligase complex is not involved in 
regulation of EcR-B1 and Sox14 expression, but rather EcR-B1/Sox14 signaling regulates 
the abundance of Cullin-1. We next investigated if hyperactivation of InR/PI3K/TOR 
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would affect EcR-B1 and Sox14 expression and also the genetic hierarchy the pathway 
present itself in the EcR-B1/Sox14 pathway. Quantification of EcR-B1 or Sox14 
immunostaining in either ddaC expressing InRCA or PI3KCA did not show any significant 
change compared to control (Figure 28A). Likewise, expression of EcR-B1 and Sox14 
remained indifferent in ptenC494 and pten1 ddaC MARCM clones at white prepupae stage 
(Figure 28B). These are consistent with the findings that InR/PI3K/TOR pathway 
functions downstream of Cullin-1 based SCF E3 ligase complex. Since the attenuation of 
InR/PI3K/TOR pathway can strongly rescue cul1 mutant ddaC dendrite pruning defect 
and cul1 functions downstream of EcR-B1/Sox14, we next determine if InR/PI3K/TOR 
also functions downstream of EcR-B1/Sox14. While white prepupae morphology remains 
similar in various rescue combination genotypes (Figure 28C-28G), suppression of 
InR/PI3K/TOR pathway via expression of InRDN in EcRDN expressing ddaC neurons 
significantly rescued the EcRDN mediated pruning defect. While EcRDN ddaC neurons co-
expressing micalN-ter displayed a strong pruning defect of 11.9 major dendrites attached 
to the soma at 16 h APF, ddaC neurons co-expressing EcRDN and InRDN had only 8.8 
primary and secondary dendrites attached to the soma (n=20 and 26; Figure 28C' and 
28D' respectively, Figure 28G). Coherently, the expression of InRDN also suppressed 
pruning defect due to sox14 mutation. sox14 homozygous mutant ddaC neurons had an 
average of 14.7 major dendrites left attached to the soma at 16 h APF, the expression of 
InRDN in sox14 mutant background resulted in 11.2 major dendrites left attached to the 
soma at 16 h APF (n=24 and 33; Figure 28E' and 28F' respectively, Figure 28G). 
Furthermore, like in cullin-1 mutant, endogenous Akt and activated Akt expression were 
elevated in both EcRDN expressing brain lysate and in sox14 homozygous null mutant 
brain lysate (Figure 28H). Thus, similar to Cullin-1, the InR/PI3K/TOR pathway functions 





Figure 28: InR/PI3K/TOR signaling does not affect EcR-B1 and Sox14 expression and 
functions downstream of EcR-B1 and Sox14. (A and B) Hyperactivation of the insulin 
signaling pathway via expression of InRCA, PI3KCA, ptenc494 MARCM or pten1 MARCM in 
ddaC neurons did not alter EcR-B1 and Sox14 expression at WP stage. Graphs show the 
quantification of immunostaining for either EcR-B1 or Sox14, the average values of 
ddaC/ddaE ratios is displayed. Error bars represent S.E.M.. n is shown on the bars. n.s., 
not significant.  (C-F') Live confocal images of ddaC neurons labelled by ppk-Gal4 driven 
UAS-mCD8-GFP at WP or 16 h APF. Red arrowheads point to ddaC soma. Expression of 
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InRDN in EcRDN expressing ddaC neurons (D') significantly rescued the EcRDN mediated 
pruning defect (C'). Expression of InRDN in sox14 homozygous mutant ddaC neurons (F') 
significantly rescued the sox14 homozygous mutant ddaC pruning defect (E'). (G) 
Quantification of the average number of primary and secondary dendrites attached to 
the soma of mutant ddaC neurons at WP or 16 h APF. The number of samples (n) in each 
group is shown on the bars. Error bars represent S.E.M.. *** p<0.001. Dorsal is up in all 
images. The scale bar is 50 µm. (H) Western blot showing expression levels of 
endogenous Akt (Top panel) and phosphorylated Akt (Middle panel) in EcRDN expressing 
brain lysate and in sox14 homozygous null mutant brain lysate. Tubulin serves as a 
loading control. 
 
3.11 InR/PI3K/TOR signaling works in parallel to Mical to 
regulate dendrite pruning. 
  
Next we also investigated if Mical expression is affected in ddaC neurons with 
hyperactivated insulin signaling. Quantification of immunostaining for Mical in either 
ddaC expressing InRCA or PI3KCA did not show any change in Mical compared to control 
(Figure 29A). Similarly, expression of Mical also remained unchanged in ptenC494 and 
pten1 ddaC MARCM clones at white prepupae stage (Figure 29A). Coherent with Cullin-1 
based SCF E3 ligase working in parallel to Mical to mediate dendrite pruning, 
hyperactivation of InR/PI3K/TOR pathway in mical mutant strongly enhanced the ddaC 
dendrite pruning defect at 16 h APF. While mical homozygous mutant had an average of 
4.8 primary and secondary dendrites attached to the soma at 16 h APF (n=26; Figure 29B 
and 29F), expression InRCA in mical mutant background significantly enhanced the 
phenotype to 8.9 primary and secondary dendrites attached to the soma at 16 h 
APF(n=27; Figure 29C and 29F). Consistently, expression of PI3KWT and Rheb also 
significantly enhanced mical homozygous mutant ddaC dendrite pruning defect (n=21 
and 20; Figure 29D and 29E respectively, Figure 29F). Thus, like Cullin-1 based SCF E3 





Figure 29: InR/PI3K/TOR signaling works in parallel to Mical to regulate dendrite 
pruning. (A) Activation of the InR/PI3K/TOR pathway via InRCA, PI3KCA, ptenc494 MARCM 
or pten1 MARCM in ddaC neurons did not affect Mical expression at WP stage. 
Quantification of immunostaining for Mical level was performed as described in 
Experimental Procedures. Graphs display the average values of ddaC/ddaE ratios. Error 
bars represent S.E.M.. n is shown on the bars. n.s., not significant.  (B-E) Live confocal 
images of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at 16 h APF. Red 
arrowheads point to ddaC soma. Expression of InRCA (C), PI3KWT (D) or Rheb (E) in mical 
homozygous mutant significantly enhanced the pruning defect compared to control (B). 
(F) Quantification of the average number of primary and secondary dendrites attached 
to the soma of mutant ddaC neurons at 16 h APF. The number of samples (n) in each 
group is shown on the bars. Error bars represent S.E.M.. *** p<0.001. Dorsal is up in all 
images. The scale bar is 50 µm.  
 
3.12 Cullin-1 based SCF E3 ligase and insulin signaling govern 
dendrite pruning partially through caspase activation. 
 
Elimination of dendrite during ddaC neuron pruning requires local caspase activation 
(Kuo et al., 2006, Williams et al., 2006). Therefore it is also of our interest to determine if 
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caspase activation still occurs normally in either cullin-1 or InR mutants. To this end, we 
overexpressed cul1 RNAi or InRCA in presence of genetically encoded caspase reporter 
CD8::PARP::Venus (Williams et al., 2006). Although strong activation of caspase can be 
observed in the wild-type ddaC neurons (n=6; Figure 30A and 30A'), ddaC expressing 
cul1 RNAi (n=9; Figure 30B and 30B') or expressing InRCA (n=6; Figure 30C and 30C') did 
not display any caspase activation. Therefore, it is evident that local caspase activation 
during ddaC dendrite pruning is also regulated by the Cullin-1 based SCF E3 ligase and its 





Figure 30: Cullin-1 based SCF E3 ligase and insulin signaling regulates dendrite pruning 
partially through caspase activation. (A-C') Confocal images of ddaC neurons expressing 
UAS-mCD8-GFP and caspase reporter UAS-CD8::PARP::VENUS driven by ppk-Gal4 at 6 h 
APF. (A-A') Caspase activation can be visualized by the presence of cleaved PARP marked 
in white bracket in the wild-type ddaC neurons at 6 h APF. However cul1 RNAi (B-B') or 
InRCA (C-C') expressing ddaC neurons did not activate caspase activity at 6 h APF. White 




Chapter 4 Discussion 
4.1 Insights into mechanism of dendritic pruning 
 
The close resemblance of neuronal pruning with neuronal injury axon degradation, 
neurodegenerative diseases, as well as the association of hyper-activation of neuronal 
pruning with neurodegenerative diseases had made the study of neuronal pruning a 
highly relevant and interesting topic in the field. Despite our best effort in understanding 
neuronal pruning, the knowledge is far from complete. Several models of neuronal 
pruning had been established and in our lab, we utilize the fruit fly as a model organism 
to study the mechanism of neuronal pruning. Given the short life span, ease of breeding, 
cost efficiency, ease of visualization of da neurons and the availability of extensive 
genetic tools established by the community, the Drosophila melanogaster da neuron is 
an ideal model for us to study neuronal pruning.   
During metamorphosis of Drosophila melanogaster, large amount of changes happens to 
the body layout of the animal and the adult animal no longer resembles the larva 
functionally and phenotypically, this poses as a barrier for the nervous system as the 
main function of the animal completely switches from feeding and growth to 
reproduction. Neuronal remodeling is an ingenious and effective way the Drosophila can 
prepare its nervous system for its adult function. During neuronal remodeling, while 
some neurons undergo apoptosis, other undergo pruning to ensure the preservation of 
the neuron while allowing its processes to develop adult specific connections. The 
Drosophila PNS offers us a platform to study neuronal pruning. Despite the close 
proximity in an abdominal hemisegment, Class I and III da neurons undergoes apoptosis 
while Class II and Class IV da neurons undergoes dendritic pruning. During ddaC (Class 
IV) dendrite pruning, proximal dendrites start to be severed at 6h APF, followed by 
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extensive dendrite fragmentation and eventual clearance of dendrite fragment by 16 h 
APF, leaving an intact axon and soma. These raise several questions regarding the 
specificity and mechanism of neuronal pruning. Firstly, during metamorphosis, systemic 
changes in gene expression occur in response to ecdysone signaling; however what are 
the target genes that are regulated by ecdysone and is required for dendritic pruning? 
Secondly, what are these “ecdysone responsive” genes controlling to mediate dendrite 
pruning?  
We started to answer these questions by carrying out an RNAi screen with the help of 
powerful genetic tools in Drosophila melanogaster. In this current work, as part of a 
genome wide RNAi screen to identify novel players mediating dendritic pruning, a total 
of 315 RNAi lines were screened. Amongst them, the knockdown of genes using 11 RNAi 
lines resulted in pruning defect in the ddaC neurons at 16 h APF and 70 lines displayed 
varying level of clearance defect, thus demonstrating the ease of using our system and 
the scalability for large scale genetic screen. While numerous positive candidate genes 
were identified in the screen, caution has to be practiced regarding the specificity of the 
phenotype. The utility of RNAi in the screen poses 2 shortcoming, firstly false positive 
phenotype might be identified due to the off target effect of RNAi, secondly false 
negative phenotype might also exist due to insufficient knockdown of the target gene. In 
order to overcome the shortcomings, multiple independent RNAi lines against the same 
gene have to be screened, and mutant analysis has to be performed to verify the 
involvement of the candidate genes in neuronal pruning.   
From the screen, the knockdown of Cullin-1 resulted in ddaC dendrite pruning defect at 
16 h APF. Further verification via independent RNAi lines against Cullin-1 as well as 
MARCM analysis using null cullin-1 allele confirmed the intrinsic and cell autonomous 
requirement of Cullin-1 during ddaC dendrite pruning.  
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4.2 Cullin-1 based SCF E3 ligase complex is required for both PNS 
and CNS remodeling 
 
Previous studies had suggested that the ubiquitin proteasome system is cell 
autonomously required for both ddaC dendrite and MB ϒ neuron axon pruning (Kuo et 
al., 2005, Watts et al., 2003). While loss of function of E1 or proteasomal subunit, Mov 
34 or Rpn6 resulted in pruning defect in both ddaC and MB ϒ neuron, the identification 
of the specific E3 ligase that confers the UPS selectivity has yet to be identified. DIAP, a 
RING E3 ligase has been reported to antagonise Dronc caspase activity to prevent ddaC 
dendrite pruning (Kuo et al., 2006). However recent reports showed that over expressed 
or gain-of-function mutants of DIAP ddaC neurons pruned their dendrite normally 
(Williams et al., 2006, Lee et al., 2009). Furthermore, dronc51 MARCM clones (Kuo et al., 
2006) did not reveal any axon pruning defect. The presence of a huge number of E3 
ligase in the Drosophila genome poses as a huge challenge to determine a specific E3 
ligase that mediates both modes of neuronal pruning.  
In this work, in conjunction with Cullin-1, we had also identified Cullin-1 associated 
proteins that are also required for pruning. Adaptor protein, SkpA and linker protein, 
Roc1a are both required for proper ddaC dendrite pruning. Furthermore, it was also 
demonstrated that the Cullin-1, SkpA and Roc1a forms a complex in vitro and in vivo. On 
top of that, through an additional genetic screen of 31 F-box containing protein, we 
identified Slimb as the substrate recognition domain of Cullin-1 based SCF E3 ligase 
during ddaC dendrite pruning. Granted that the phenotype observed for slimb null 
mutant is not as strong as that of cullin-1 null mutant, we cannot rule out the possibility 
of the presence of others unidentified F-box protein that might also be important for 
ddaC dendrite pruning, the identification of such F-box containing protein would be of 
great interest to us in future.   
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Further investigation revealed that the Cullin-1 based SCF E3 ligase complex is not only 
required for ddaC dendrite pruning, but also required for neuronal remodelling of other 
classes of da neurons such as the apoptosis of ddaF neurons. Thus suggesting that Cullin-
1 based SCF E3 ligases is an important regulator during neuronal remodelling of the 
animal during metamorphosis.  
The importance of Cullin-1 based SCF E3 ligase in general neuronal pruning can be 
further underscored from the fact that MARCM analysis of either one of the components 
of Cullin-1 based SCF E3 ligase complex resulted in MB ϒ neuron axon pruning defect. At 
the same time, MB ϒ neuron MARCM analysis with either skpA or cullin-1 null allele also 
displayed prominent MB ϒ neuron dendrite pruning defect.  
The specificity of Cullin-1 based SCF E3 ligase in dendrite or axon pruning can be 
demonstrated by the following; Firstly, initial dendrite projection of ddaC neurons or 
axon projection in MB ϒ neuron were not affected in Cullin-1 based SCF E3 ligase  
mutants. Secondly, temporal expression of Cul1DN after initial ddaC dendrite 
morphogenesis had been completed led to significant ddaC dendrite pruning defect. 
Third, while Cullin-1 and its known binding partner Roc1a is required for ddaC and MB ϒ 
neuron pruning, Cullin-3 and its binding partner Roc1b are not important. Next, MARCM 
analysis of null allele cul-411L (n=5; Figure 6G') a scaffold component of Cullin-4 based E3 
ligase mediating the stability of TSC2 (Hu et al., 2008) did not show any ddaC dendrite 
pruning defect. Furthermore, out of the 31 F-box protein knocked down in ddaC 
neurons, only knock down of Slimb resulted in observable ddaC dendrite pruning defect. 
Lastly, mutant analysis of F-box protein, Ago which is required for synapse elimination in 
worm, did not appear to be important for ddaC dendrite pruning (n=3; Figure 7I') (Bader 
et al., 2010, Moberg et al., 2001). 
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4.2 Regulation of Cullin-1 based SCF E3 ligase complex for 
dendritic pruning 
 
The onset of metamorphosis is triggered by a pulse of ecdysone steroid hormone. 
Previously in our lab, we had reported a genetic pathway which comprises of EcR-B1, 
Sox14 and Mical. While EcR-B1 and Sox14 are essential for both ddaC dendrite and MB ϒ 
neuron axon pruning, Mical is only required for the former (Kirilly et al., 2009). Our 
current genetic and biochemical data had led us to propose that Cullin-1 based SCF E3 
ligase complex works downstream of EcR-B1 and Sox14 but in parallel to Mical during 
ddaC dendrite pruning. The ubiquitin proteasome system, including cullin-1 and skpA 
had been reported to be upregulated in the MB ϒ neuron during pupariation and the 
upregulation of such UPS genes are abolished when EcRDN is expressed in the gamma 
neurons (Hoopfer et al., 2008). Consistently, our Q-PCR data also demonstrated that 
cullin-1 like uba1 (E1) is downstream of EcR-B1. Furthermore, Q-PCR and genetic analysis 
using sox14 null mutant and Sox14 immunostaining further demonstrated that Cullin-1 
based SCF E3 ligase functions downstream of sox14 during dendrite pruning. While we 
are sure of the genetic hierarchy of sox14 and cullin-1, future studies could be conducted 
through the utility of chromatin immunoprecipitation assay to investigate if cullin-1 is a 
direct transcriptional target of Sox14. Thus ecdysone signaling controls the abundance 
rather than the assembly of the Cullin-1 based SCF E3 ligase complex.  
While expression of cullin-1 is regulated by EcR-B1 and sox14, our data indicated that 
Cullin-1 based SCF E3 ligase works side by side with mical during dendrite pruning. Our 
double mutant MARCM analysis of Mical and Simb suggests two parallel pathways 
between the two molecules.. Three additional lines of evidences further support the 
parallel relationship. Firstly, the knockdown of various molecules of the Cullin-1 based 
SCF E3 ligase complex in mical null mutant enhanced the pruning defect. Secondly, mical 
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expression is not regulated by Cullin-1 based SCF E3 ligase complex. Lastly, while 
attenuation of insulin signaling pathway significantly suppressed the pruning defects in 
Cullin-1 based SCF E3 ligase, sox14 and EcR-B1 mutants, it was insufficient to suppress 
the pruning defect in mical mutant.  The presence of multiple non-redundant processes 
which contributes partially to pruning, may explain for the presence of parallel pathways 
during dendrite pruning.  Such pathways may partially regulate different aspect of 
pruning such as initiation of pruning, competence to dendrite pruning or execution of 
pruning. It is intriguing why an organism would engage parallel pathways to regulate a 
biological process; one possible explanation would be that the parallel genetic regulation 
must be present to ensure that at least a subset or a portion of the biological process 
takes place normally, of which partial progress would be sufficient for the survival of the 
organism.  
The findings that Cullin-1 based SCF E3 ligase and mical functions downstream of sox14 
is consistent with the previous finding that the pruning defect caused by mical mutant is 
not as strong as that of sox14 (Kirilly et al., 2009), which suggested multiple downstream 
effectors of sox14. Taken together, our data suggest that while both Cullin-1 based SCF 
E3 ligase complex and mical lays downstream of EcR-B1 and sox14, the 2 downstream 
mediators function in parallel during ddaC dendrite pruning.  
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4.3 Inactivation of InR/PI3K/TOR pathway by Cullin-1 based SCF 
E3 ligase for dendritic pruning 
 
During our search for the downstream target of Cullin-1 based SCF E3 ligase, we 
discovered that Cullin-1 based SCF E3 ligase does not acts upon its known target Ci or 
Arm of Hh or Wg signaling pathways respectively (Ho et al., 2006) to regulate ddaC 
dendrite pruning. Rather than the known target, the Cullin-1 based SCF E3 ligase 
complex attenuates InR/PI3K/TOR pathway in order for ddaC dendrite pruning to occur 
normally. Attenuation of InR/PI3K/TOR pathway was able to rescue ddaC dendrite 
pruning defect caused by Cullin-1 based SCF E3 ligase mutation. The specificity of the 
rescue was verified via pharmacological attenuation of InR/PI3K/TOR pathway which 
suppressed Cullin-1 knockdown mediated pruning defect, while not affecting the initial 
dendrite development. Furthermore, severing of the proximal dendrite, a hallmark of 
pruning was observed in most of the genetic rescue experiments. The genetic rescue of 
Cullin-1 based SCF E3 ligase complex mutant by suppression of InR/PI3K/TOR indicates 
that it is likely that hyperactivation of InR/PI3K/TOR pathway occurs in cullin-1 mutant. 
Consistently, we observed an elevated expression and activity of Akt, a positive regulator 
of the insulin signaling pathway in cullin-1 mutant. Coherent with the idea that Cullin-1 
based SCF E3 ligase complex works downstream of EcR-B1/Sox14, we observed 
upregulation of Akt in both EcR-B1 and sox14 mutant brain extract. Consistently 
attenuation of InR/PI3K/TOR pathway suppressed ddaC dendrite pruning defect caused 
by EcR-B1 or sox14 mutant. Furthermore, the hyperactivation of InR/PI3K/TOR pathway 
alone in ddaC neurons is sufficient to inhibit ddaC dendrite pruning.  
While Cullin-1 based SCF E3 ligase complex is essential for both ddaC dendrite and MB ϒ 
neuron axon pruning, InR/PI3K/TOR pathway is only involved in the former but not the 
latter. One possible reason for the difference might be possibly due to the differences in 
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dendrite and axon architecture. In proximal dendrites, microtubules polarity is mixed, 
while in axons, microtubules polarity are oriented with the plus end towards the axon 
termini(Baas et al., 1988). Furthermore, it is highly likely Cullin-1 based SCF E3 ligase is a 
key regulator in both form of pruning, regulating differential target pathway or substrate 
during the 2 different processes. Undoubtedly, it would be interesting to identify the 
downstream target of Cullin-1 based SCF E3 ligase complex in MB ϒ neuron axon 
pruning. At the same time, since Cullin-1 based SCF E3 ligase complex is evolutionary 
conserved and is implicated in both form of pruning as well as PNS neuronal 
remodelling, it might potentially be a target that is worth exploring in other models of 
neuronal pruning or neurodegenerative diseases.  
4.4 Akt as a target and substrate for Cullin-1 based SCF E3 ligase 
complex 
 
The search for downstream targets of Cullin-1 based SCF E3 ligase led us to the 
identification of a positive regulator of InR/PI3K/TOR pathway, Akt, as a candidate 
substrate. We first observed an increase in expression of Akt in cullin-1 mutant, which is 
consistent with the notion that a perturbed UPS would lead to the accumulation of its 
substrate protein. In frame with the notion, knockdown of Akt strongly suppressed 
cullin-1 RNAi mediated pruning defect.  In vivo and in vitro co-immunoprecipitation assay 
further demonstrated the presence of physical interaction between the substrate 
recognition protein of the E3 complex Slimb and Akt. At the same time, expression of 
Slimb promotes the ubiquitination and degradation of Akt. Consistently, the expression 
of SlimbΔWD, which failed to bind to Akt abolished Slimb mediated ubiquitination of Akt. 
Interestingly, E3 ubiquitin ligase MG53, Cullin-7 based E3 ligase and Cullin-5 based E3 
ligase were also demonstrated to negatively regulate insulin signaling by targeting 
insulin receptor substrate 1 (Song et al., Xu et al., 2008, Hu et al.). Hence it appears that 
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the insulin signaling pathway is actively kept in check by various modes of proteasomal 
regulation. 
Several studies had investigated the interplay between ecdysone and insulin signaling, 
and significant and complex crosstalk had been established between these two 
pathways at a systemic level (Colombani et al., 2005, Riddiford et al., Caldwell et al., 
2005, Rusten et al., 2004). Colombani et al had demonstrated that level the of ecdysone 
signaling is inversely related to insulin signaling in fat body and Rusten et al had shown 
similar antagonism during developmental regulated autophagy. Consistent with these 
reports, our studies had also suggested antagonism between the two signaling 
pathways. However, the model which we subscribe to involves the cell automous 
regulation of insulin signaling by ecdysone signaling, which has not been previously 
reported. In particular we provided evidences that suggest that Akt is a substrate for 





4.5 Cullin-1 based SCF E3 ligase complex and InR/PI3K/TOR 
pathway controls dendrite pruning in part via local caspase 
activation. 
 
Local caspase activation is required for ddaC dendrite pruning, our results had 
demonstrated that both Cullin-1 based SCF E3 ligase complex and insulin signaling 
pathway regulates caspase activation in dendrites of ddaC neurons during dendritic 
pruning.  Consistently in axotomizd rat retianal ganglion cells, insulin signaling protects 
the cells from cell death through Akt phorsphorylation and inhibition of capsase 3 
activation (Kermer et al., 2000). Since, the localisation of Akt and Cullin-1 based SCF E3 
ligase complex is uniform throughout the ddaC neurons, and the degradation of Akt 
appears to be evenly distributed in the neuron, without any specific site of action, thus it 
is likely that InR/PI3K/TOR pathway partake in dendrite pruning through control of 
another intermediate that is directly responsible for severing of the dendrites, one 
possible candidate would be the caspase activator required for dendrite pruning. 
Interestingly, in embryonic chick lens epithelial cells, insulin signaling can down regulate 
Inhibitor of Caspase (IAP) (Basu et al., 2012).Further investigation into how Cullin-1 
based SCF E3 ligase and InR/PI3K/TOR pathway works mechanistically to regulate 
temporal and spatial caspase activation would be an interesting direction to follow in 
future studies.  
4.6 Future directions 
 
Despite the identification of a Cullin-1 based SCF E3 ligase complex that is required for 
neuronal pruning and InR/PI3K/TOR pathway is the downstream target of Cullin-1 based 
SCF E3 ligase complex during ddaC dendrite pruning, several questions still remains 
unanswered and requires further investigation. First of all, despite the strong severing 
defect observed in cul1EX ddaC MARCM clones, the phenotype observed for slimb8 ddaC 
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MARCM is much weaker.  Although the difference in phenotype severity can be 
explained by the perdurance of maternal slimb protein, we cannot rule out the 
possibility of the presence of yet to be identified F-box protein that works together with 
Cullin-1 to regulate ddaC dendrite pruning. Further investigation should be conducted to 
isolate other novel F-box containing protein that may be required for ddaC dendrite 
pruning and this could be achieved by carrying out additional RNAi or MARCM screen on 
putative F-box containing protein. 
Although we were able to achieve a significant suppression of cullin-1 mutant phenotype 
via the attenuation of InR/PI3K/TOR pathway, there is still a certain percentage of ddaC 
dendrites which remain unpruned in the suppression assay. This indicates the presence 
of other substrates or pathways that is jointly regulated by Cullin-1 based SCF E3 ligase 
complex during ddaC dendrite pruning. It is also likely that these unidentified pathways 
or substrate could be regulated by the previously mentioned unidentified F-box protein 
during ddaC dendrite pruning. More in-depth studies to identify the presence of such 
unidentified pathways or substrates would shed more light into the regulation of 
pruning by Cullin-1 based SCF E3 ligase complex. 
Our studies had also identified Cullin-1 based SCF E3 ligase to be involved in two distinct 
modes of neuronal pruning, while InR/PI3K/TOR pathway is only required and function 
downstream of Cullin-based SCF E3 ligase during ddaC dendrite pruning. We would like 
to deepen our understanding in the MB ϒ neuron axon pruning to identify the substrate 
that is regulated by Cullin-1 based SCF E3 ligase during MB ϒ neuron axon pruning, this 
can be achieved by carrying out another genetic suppression screen of cullin-1 mutant in 
the MB ϒ neuron. 
In a recent study, calcium transients and caspase activity had been proposed to work in 
parallel to mediate dendrite pruning (Kanamori et al., 2013). Since Cullin-1 based SCF E3 
118 
 
ligase and InR/PI3K/TOR pathway function upstream of caspase, it would be interesting 
to investigate if calcium transients still occur in Cullin-1 based SCF E3 ligase or 
InR/PI3K/TOR pathway mutants. Finally since Cullin-1 based SCF E3 ligase is evolutionary 
conserved and mediates two main forms of neuronal remodeling in Drosophila 
melanogaster, we would like to extrapolate our studies onto other neuronal remodeling 




Chapter 5 Conclusion 
Our study on the understanding of the mechanism of dendritic pruning in ddaC neurons, 
started off with a highly efficient reverse genetic screen that yielded several putative 
candidate genes, which when disrupted led to dendrite pruning defect in ddaC neurons. 
Amongst the putative candidates, Cullin-1, a scaffold protein of a multimeric E3 ligase 
stood out, as it was documented that UPS system is involved in neuronal pruning, but 
the specific E3 ligase involved has yet to be identified.  
Cullin-1 forms a multimeric complex which comprises of adaptor protein SkpA, linker 
protein Roc1a and substrate recognition protein Slimb, all of which are required for 
proper remodeling of da neurons as well as MB ϒ neuron.  At the onset of 
metamorphosis, ecdysone signaling triggers the expression of sox14, which in turn is 
required for the temporal up regulation of cullin-1 expression, to increase the 
abundance of Cullin-1 based SCF E3 ligase complex to aid dendrite pruning. Cullin-1 
based SCF E3 ligase complex then works in parallel with the previously identified 
ecdysone inducible gene, mical, to regulate ddaC dendrite pruning.  
While Cullin-1 based SCF E3 ligase complex does not regulate its canonical target during 
ddaC dendrite pruning, it suppresses InR/PI3K/TOR pathway in order for proper ddaC 
dendrite pruning to occur. Furthermore, the hyperactivation of InR/PI3K/TOR pathway 
recapitulates the phenotype observed in ddaC neurons mutated of the Cullin-1 based 
SCF E3 ligase complex. Elevated expression and activity of InR/PI3K/TOR pathway's 
positive regulator, Akt, was also observed in cullin-1 ddaC mutant, attesting the 
regulation of InR/PI3K/TOR pathway by Cullin-1 based SCF E3 ligase complex. 
Furthermore, Slimb, the substrate recognition domain of the E3 ligase, binds and targets 
Akt, for polyubiquitination followed by degradation to suppress InR/PI3K/TOR pathway. 
Lastly, Cullin-1 based SCF E3 ligase complex and InR/PI3K/TOR functions at least in part 
120 
 
through activation of caspase to mediate ddaC dendrite pruning. The proposed model of 
ddaC dendrite pruning demonstrated in this study is illustrated in the following figure.  
 
Figure 31: A schematic model for the Cullin-1 based SCF E3 ligase and the 
InR/PI3K/TOR pathway during ddaC dendrite pruning. While the Cullin-1 based SCF E3 
ligase functions downstream of EcR-B1 and Sox14, it mediates dendrite pruning in 
parallel to Mical during ddaC dendrite pruning. Regulation of ddaC dendrite pruning by 
the Cullin-1 based SCF E3 ligase complex is achieved primarily through inactivation of the 
InR/PI3K/TOR pathway. Hyperactivation of InR/PI3K/TOR pathway is sufficient to inhibit 
dendrite pruning. Unidentified F-box containing protein may also be important in ddaC 
dendrite pruning. Similarly, other yet to be determined molecules may be also regulated 
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